3
%
“
i
-
e
o
K
|
Rl \
!
: r

Gmlanuroqs&lmucnon IN INSULIN-INDUCED
T MOUSE EXENCEPHALY |
. . y - v

. A thaals wbmitied 1o the School of Graduate Studies in .

portial fulflilment of the requirements for the degree of
Maiter of Science. b

i
+
)
Jhy . " C
1 :
N o
\ Wendy Anne Cole \
. \
// L]
' Department of Blology S
‘ }
- MeGHI Univenity , :
/ Nentveal, Conede
N SN ' +
, Docusibar, 1970
* ¥ . - ]
. L
P H - )
S A 5
" ) o, . # Y] . '
R b " a‘J . R . o I v B
. + Fl ' ! ‘l\. > *
[ 4 / f N b \/t , .
A - ‘!"Q 1)
[N s .- ‘ -
, ! s, b .
. t 0 f v B
‘ Nendy Anne Cola 1379 Co
x A .
; \ b i i
* 1 . Alnd vt
.(, : I - ' f ' - Kt

o




ABSTRACT

When u teratogen fs administered to an mhn_hmm
for a mutant gené the reeulting modification con resemble 16 phenotype nermelly I B
found In the mutont homozygote. The mutant gene, Tn a single dose, and the ' |
teratogen potentiate the pi\onofyplc tralt; that Is to say, 'tl\on Is a gene-teratogen
interaction. Two gut«oml dominant genes of the mowse, Crocked=lail ( Cd ) and K 1

RIb fuslons ( Rf ) yleld spontanecus axencephaly 'n thelr homoxygous form, the

heterczygotes remaining unaffected. Two strains of inbred females, A/) ond
SWV, were crossed to heterozygote and wild=type males, and treated w!ﬂ\ ingulin,
known to Induce exencephaly. The nonparalielism of the dose-response wkvu
indicoted o gene~teratogen Interaction, Sgyort twitting of the hindbody was
presant In some of the early exencephallc embryce from the treated héterazygote
croases. Such kinking of the hindbody s nosmally seen spanteneouly cnly among

B

mutant hmycom, sumlﬁnqﬂm the Tnsulin and mutent gene hhnchd fn
'thmybohtohmcphmeopy mwmmm«mtmw

this mhtlng prevented fuston and Ted 1o the conditicn of oxonupholy. it wee
-uuntd\ ’ : Coa
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RESUME  ~ N
Quanid un tératogdne est adminisiré & un organisme héNroxygote

._pour un gine, la modification resultante peut ressembler au phénatype nomallement

retrouvé chex le mutant homozygote, Le gine mutant, en dose simple et le

" terategine donnent de la foree ou tralt phénotyplque; c'est-a-dire une action

récliproque entre le gine ot le tératogane. Deux gines autosomals dominants
“Crocked=fall" ( Cd ) et "Rih fuslons” { Rf.) produlcent I' éxencephalle spontanée
dans leur forme homoxzygote, les hétérozygotes démeurant sans affectation. Deux
ligndes do femelles consanguines, A/J et SWV, furent crolsées & des males
héNiroxygotes ot de type sauvage, st traltées avec de I' tngul {m , reconnUe pour
lndu\lﬂ I'éxencephalle. Le non-parallélline des courbes dose=réaction lndique
une actlon réciproque gdne~tiratogine. Une tont n de la portle pasterleure
du’ eo\;\h étalt priunh chez quelque=uns des premlers embryons exencéphaliques
dee th hétroxygates hraltds. Un tel tortillement de la partle postérieurs

du corps n' e ordinatrement observé npmtontmm que chez les mutonts’ hmygoh.

malm* que l'fnwlhc ot le gine mutant ont agl un sur |' autre dons |*héiéraxygete
pour ‘ wﬁﬂmeaph. La temalon placde o lu plls neuraux par cette torslon
o prévenu le fnlonnement st a mend 2 la mdhhn d' éxencephaile. )
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INTRODUCTION

Ona of the fint major morphologlcufl\haou to occur In the
embryologlcal development of the mouse s closure of the neural tube. Fallure v

of complete neural fold closure In the cephallc reglon leads to the malformation

known as exencephaly. It Is characterized by an extruding mess of histologically

normal neural tissue resting on top of a rudimentary skull. This malformation Is ﬁ

present In the human population as anancephaly. In this highly prevalent and
. lethal birth defact of the central nervous system the exposed braln undergoes

extensive degeneration, due to the length of the gestational perlod; hence at .

N birth the fetus 1s bom without a braln, An Increased alpha=-fetoprotein level In
| the omniotlc fluld serves as the method of detecting affected fetuses. Recently,
) this ml Increcsed leve! has been found in rats and mice, suggesting the use of
N a small mammal a8 on antmal model for human exencephaly ( anancephaly ).
: ‘* : Experimental studles on the morphologloal events leading to the
’ fon of exsncephaly have resulted In: cenflicting conceph to explalin its
cacurrence, Busically advocating elther the fallure of)tln neural tube to clowe or s
the recpening of a closed munl tube, the hypothesss Innclud‘ neural overgrowth,
spinal retreflexion, insufficient amounts of neural Huue, and Increased intraluminal
prisure. Thess: portulated underlying mechontams that produce weh o severs
morphologioal change have sometimes been traced to ultrestructural alterations and
' necrosls In speclfic calls of the affected tHuwe,

-




Exencephaly In the mouse s Inherited In certaln mutent straimg of
m t ts alo Induced by a varlety of substances, known o eratogens for !
thelr abllity to disrupt nomal devalopment /fwa folt that the administration§F
a teratogen known to Induce mnetphcly to a strain of mice that developed the
defect spontanecusly could,result in a ' gene=teratogen Interaction' . This Inter-
actlon would Tavolve not only an Increass In the frequency of exencephallc

fetuses, but the action of gene and teratogen would be to affect the same

developmental process In such o way as to change the quallty as well as the
quantity of the response. The term Interaction Implies the formation of a unique
relationship betwean gene gnd teratogen, acting on some event In o unifled and
peciflc manner, In the past the establishment of ao tnﬁmcﬂon has rested on the
delineation of thls unique underlying mechantim, although It has not always been
possible to isolate and characterize It. Recent work on genclype-teratogen
Interactions has advocated the use of probit analyals to statisticdlly define an

Interaction,

in this study two eutosomal dominant genes, Croaked=tall { Cd)

{

mdﬂbwn(if)mud. Thess genes yleld spontanecus sxencephaly In

thelr hemozygous form, but the heterexygotes remain unaffected. Unrelated
nomal Inbred females were cromed 1o heteroaygous males ond treated with Insulln,

knmh!ﬁdunwly. The doss=resporee curves for the Induction of




f d.

axancephaly with Insulin In thesa mide were setablished. Thess were then enalyzed
for the presence of o gene~teratogen Interaction. Treated and centrel embrycs

were compared for the morphologlcal changes that occur during normal and
exencephallc brain formatlon In order to find criterla for dlicriminating between

the two :ﬁ. Light microscopic examination of treated and unfrochdvombryologlco’
neural tfasue/wos also undertaken to further elucldate the underlylng mechantimiy)
functtoning In the production of exencephaly. Pr:ltmtnuy work wes done to separate
the NWnlc offects of !mulln\%hw;u;lon ond matemal hypoglycemla, the
phystologloal state caused by the ragtment, Glucoss was adninlstered to counteract
the severs drop In the blodd sugar level and s resuliont effect on the Induction of
exencephaly was noted, |

] -
Y X |
A




A. Llterature Review -
1. Early embryologloal development in the mouse

The development of the mouse embryo has been studled extensively
( Adelmann, 1925, Theller, 1972 ) and the following Ts o brief discusston of the
events prior to neural tube closure. By day 3 of gestation the embryo has Implanted
In the lining of the uterine wall. The uterine muccea reacts with the growth of a
declduous capaule separating the embryo from the uterine caviiy and foraing It to
y-conﬂnut derlving nutrients from the yolk sac. The yolk ;uc Is /uplceod by a true,
" visosral placenta on day 10. At that Hime the mucasal lining of the mesometrlal
uterine reglon, the decldua besalls, fuses with the chorton cndL the allantols,
linking the embryo to the matemal blood supply. The Inner cell mass or egg
eylinder of the embryo hos, by day &, separated Tnto an outer layer of extrasmbryonlc
ectoderm, an underlying layer of embryontc ectederm, and a central core of
endoderm. The latter ghves rise to Relchert's membyane , which effectivaly [olns
with the yolk sac In maintaining the embryo as an autonomous unit unttl the true
placenta s formed. The extroembryente cctodgm gives thse to outer membranes
( cherlon and allantels ), the Inner ectoderm to neural structures, and the
endoderm 10 gsiolntestinal sructures. The primiHive streck , which marks the
primary axls of the embrye, b;gtm at the posterior reglon of the egg cylinder
™ma tht;ltwlng of the Inner ectoderm. Also & this Hme the mesenchyme ls
prollferating laterally between the primitive sireck and the endoderm.




\ At day 7 of gestation the ectoderm in the ventral margin of the
egg cylindar begline to thicken, forming a projection known s the head process.
Above this reglon the endoderm, In forming the foregut, bagins to move the
anterior end of the embryo above the rudimentary heart, untll the head process
| becomes a head fold. The notochord s formed from ondod.}m lying under the
head process, and with continued proliferation of mesoderm ;hc first structures
of the rh;u germ layers continue to differentiate. By late day 7, migrating
mesaderm begins to aggregate Into palred somites adjacent to the notocherd, the
actual number Increasing with continued development. Somite number Is thus
‘considered to be a rel table ndex of ﬁmB}yonle age.

The development of the neural tubs Is flmt nottced on day 7,
when the ectoderm above the primitive streak begins to thicken and form the
neural plate. By early day 8 one can me ot least four palrs of somites and o
deepening deprenion In the nwrﬁl/phh, the neural groove, accompanies the
formatlon of neural folds. When the number of samite patrs hos Increassd o
'8 ( day 8/12 houn ) these folds fuse at the level of the fifth somite, °

Up to this polint the mﬁryo has maintained an S-thaped body
oconfiguration, with @ concave mid-reglon, Howaver, due r# the rapld growth

&W\m now change from this lordete curvature to @
kyphotle ovsThe head aid tall folds begln a clodkwlse rotaton, with the

!




J
|
|

sac. Before completton of votation, the midgut reglon does tum, and In doling

trunk ared Titially remalning statlonary dus fo I firm attachment fo th, yolk

40, cauNes the relattve p«ltl&\ of the placenta, previcusly ventral, to become
5doml + The tumling procedure Is completed by early day 9, ot which tHme the
| embryo powesses a convex fiunol flexion, with tho hindbody lylng to the right

lda ofthe bood o |

After the Initlal fusfon of the ncuml folds closure progresses

mpidly n both eopklcd ond caudad directions (Gnlon and Langmon, 1977),

Th- head fold lhm primitive slgm of differentiation Into o fare ( prosencephalon ),
mid- (munobphalan )+ and hindbraln ( rhembencephalon ) Closure ot the

middle of thb pmnaphcion also oceurs at D8/12 ( D =day), ondproooodl In
" both direcions unHl the entire prosancaphalle region of the newral 1he-1i-closed
by D/18. By early D? (ot the 13-18 somite stage ) the closure of m.**n;ipmz

tube hos progresad to the caudal end of the messncephalon, alse known as the
onterior neunpon.’ 8y D 9/12 ( 22-28 samites ) closure s Incomplete a\!;,v aver

the roof of the rhombencephalon ond at the posterior neuropore. Therefore Inclplent
axencephaly may be tdentifled by sarly D9, If the onterior neuropore hes rematned
open. The posterior neuropore closss by early D 10 { 30-34 somites ), completing
neural fube clowre. !

Ry
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The sequence of events in neural tube closure has also been
examined ot a cellular level In chicks ( Langman ot ol , 1944 ) ond hamsters
( Marin=Paditta, 1970 ). The neural folds are d complax tsue compesed of
an outer ectoderm and an Inner neurcectodem , ww by an underlying
|°”,' of mesoderm. Presumptive neural-crest cells aggregate betwaeen the
surface ectoderni and neurcectoderm. At the time of fusfon 1t ls these cells
that make. the Initlal contact. The sctodermal cells fuse next, and establish
a continutus.surface layer. The neural=crest cells, p;olthrcﬂng rapldly. form
.a wedge of cells that prevents fuslon of the noumctodurmol laysre It Is enly
when the muml-cmf cells migrate laterally that the neuroectoderm cells make
Inftlal contact, fusing along thelr Intemal ( ependymal ) surface. As the
neurcectoderm completes fusfon, forming a closed noumlrtuh, the mesodermal
cells then occupy the space that has developed between this layer ond the
w;fuu ectoderm. ) ‘ '

The final stages of braln development !nvolv. changes In shap ond
size due to the prods ctlon of cerebrospinal fluld ( Ceulombu and Coulombn, 1958 ).
Upon closure of the neural tube noufuphhllq! cells secrete cerebrospinal fluld
Into a sealed Gompartment, Ovcmf;ducﬂm of cerebrosplnal fluld hos been
lsolated os a caue of hydracephalus In dogs ( Jomes et al, 1977) ond Its removal,
by Intubation, frem developing chick embryo bralns resuited In greatly reduced
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@ vty volumes ( Desmond and Jacobaon, 1977). Therefore cerebrosplnal
fluld pressure may be consldered o mechanical force acting on the neural tube
| ofter its closure, with any malfunction b&cntlcﬂng the occurrence of a neural

: tube defect.
2. Abnomnal neural tube developmant

Exencdphaly Is characterized by the presence of the neural tissue
of the brain on the exterior of the cranlal cavity. It can be defined as a ' small ‘.
crontal aperture with tntoc; overlylng tssues' ( Lemire ot al, 1978). By day
nine of gestation In the mouse, fallure of closure of the anterlor neuropore

region In the brain Is Indl cative of imp.ndtng ;xanc‘phuly‘ Although rh‘o‘

@ minimum requirement for clossification as such is a fallure of fuilon In the
mesencephalic reglon, generally the prosencephalon ( composed of diencaphalon

T and telencephalon ) remains open as wcll.l Therefore only the rhombméophu"c

area ;m have fused completely. Exomination of exencephaly In the rat ( Glroud

and Martinet, 1957 ) has shown thet reglonal histologleal differentlatlon continuas

f; proceed,.despite the exposure of the neural Hssue to the amalotic fluld,

Thickéhing of the lateral walls of the relencephalon glves rise to hemlspheres.

The optlc and oﬂ? vesicies, olfactory lobes, and mg'nhypcphyuh also begln to

toke form. The dlencephalon rediates cut along its domal ‘surface, und its abnormel,




everted position em;m the cerebral hemlspheres to dov.olq: under this :urf?m
The chorold plexus tissue, as the roof of the diencephalon, 1s now contiguows
with the hemispheres as the brain continues to grow In an everted, revense
arrangement. The corpora striata, nomally one of the Innermast Hssues of the

| braln, fuses with the thin covering of surface ectodemn. By day 13 the brain

1s now an overgrown mass of neural Hssue spllling out over a rudimentary crantal
base. The epithellum ls thinly stretched over the cerebravascular tisue, and
the cranial base Is poorly formed. The presence of pyknotic nuclel and
hemorrhaglc patches Indlcates the commencement of cell douﬂ"n, which ulttmately
would lead to complete degeneration of the expored tissue, a ;ondlﬁon known as
onencephaly. However, the gestational perlod of the rat, ke the mouse, Is
sufficlently short=term 30 os to yleld preserved specimens of exencephaly prior

to a stage of extensive necrosls. ‘

The pathogenesls of axencephaly has been closely exomined In an
attempt to explain the malfunction (s ) responstble for lis formation. The more
popular :concept { Marin-Padilla, 1964 ) Is that the neural tube falls to closs, but
there Is an cltemate postulate based on the premise of a recpened neural tubs.
The latter Is advocated by Gardner ( 1961, 1977 ), who proposes an Increass In
intralumina! pressure o the mecheniaol f«;hrﬁmmccfmdmml tube
o apift open. This pressure is ooueed by the production of cerebrospinal fuld by
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the neuroeplthial cells, ond its great Increase must somehow be dus to abnomel
abeorptton of the fluld. Murckaml et al (1972 ), tested ths hypothests In rats
by Injecting vincristine Intraperitoneally. ;ﬂorrhc period of neural tube closure. N
This cased dlstenslon and eventually the formatian of slavated blebs on the
surfueo\ of the neural tube. Histological examination revealed that the neural
fold tiaue showed signs of early necrosh, simllar to that found In exencephalic
beain theue, Bundit et al ( 1974 ) reported similar findings after injection of
cadmlum sulphate solution. |
The preferred hypothesis, supported by a large amount of experimental
.w!donpl. Is that of g fallure of the neural tube to close, Several theorles, based
on mechonlcal Interference of the cloture procest, have been advocated to explain
noﬁdw;.
The first theory Is one of neural overgrowth, resulting from a study
on cavdal mysloschisls In young human embryos ( Patten, 1932). Areas of tiuue
degeneration comeepanding fo-veions of extensive neurospithellal infoldings Into
the fumen of the neural tubs were noted. The Inpocketing of tha neurospitheltum
v removed 1t from the vescularized messnchyme, and led ultimately to necresis of
the' calls, resulting In open leslens. Bergquist ( 1959 ) Induced overgrowth I the
hhdﬁldtm by exposure to low exygen tension, 1o uncover its pomtble
" origin, Evidence of domage fo the chordomesoderm Hisue layer led to the thecry
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that the chordomesoderm must control n:»,only the Inltlal Induction of the

neural plate, but morphogenesis of the early nouml'tul:n as well, Further
histological studles of chick development ( Burda, 1968 ) Indicated that It

s a lack of contact between the underlying notochord and calls of the neural
tube that Induces overgrowth. Recent studles ( Freeman, 1975) have determined
that the process of overgrowth Involves ¢ significont Increase In mitotic activity
of the neurcepithellal cells during neural tube formation.

A second possible mechanlsm to account for the fallure of the -
neural tube to close Is severe spinoflexion { Kwist, 1975 ). Adminlstration of
vitaminh A fo d.v;loplng chick embryos resulted in severe retrofiexion, with
amocliated somite disorganization. The subsequent abnormal twisting of the
embryo prevents the neural folds from coming Into contact and fusing. This
shuation-had been previouly noted with the Induction of exencephaly In mice
treated with trypan blue on day 8 gestation ( Hamburgh, 1954). The developing
neural folds became wavy, with lrregular twists and bleb formation. Also there
was Increased growth of the neural tisue, further blocking the fuston of the
folds alang the midiine.

The third mechanism put forth to explain the formation of
@sencephaly s that of n;mcm amounts of neural tasue due to extensive cell
death. The neural W*wmthmmumwtm»aﬂm
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o contact. This can be further subdivided Into a lack of sufficlent neuro-
' epithellum, a lack of sufficient mesoderm ( the underlying supportive Hsue ),
or both.
A decrease In mesoderm™ has besn demonstrated In goiden hamsters
exhibiting exencephaly after treatment with vitemin A ( Marin-Padilie-and
Ferm, 1965; Marin-Padilia, 1966 ). In the cephalic reglon of the neurat folds,

the cells of the mesoderm show severe shrinkage of their cytoplasm, followed by
a significant reduction In the mitotic rate of mesodermal calls. The changes result /

In the eventual death of the cell, Indlcated by pyknotic nuclel. The fallure of

. oam

the neural folds to meet and fuse is thus assoclated with a lack of sufficlent meso- :

derm to push the folds together. Morriss and Steele ( 1977 ) have studied vitamin
T A-lnduced exencephaly in the rat, and have cbserved that the ultrastructure of the
. mesodermal calls demonstrates swelling of the endoplasmic reticulum and Golgl

opparatus. Such changes are amoclated with cell death, the cawe of decreased

prollferative activity. This finding opposes the conclustons of a stmilar E/M study
by Théodosls ( 1974 ), Tn which cell death wos restricted o the neuroupithellum.

v For.chick, rat, and mowse embryos ultrastructural alterations resulting

Tn call necresls have been [imited 1o the neurcepithellum Pl lowing the adminfstration /
of cadmium ¢ Yomamura ot al, 1972 ), matemal mainutritien ( Sh/!muda stal, 19?7), ‘
hydrestyuraa ( Sadler and Cardell, 1977),, EDTA ( Danlels and Moore, 1972 ) and

, FUGR { Gardell and Langman) 1977 ), Abundant esll death and severely decreased

¥
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mitotc’ activity In the cell popuulcﬂon following these treatmenh Is ansociated

with @, dnew amount of neurceplthellum that s capable of mkln& contact, 0

and thus the brain develops Into an exancephallc form ( Crowley et dl, 1978).
Therefore ‘some authors propose the primary defect to be locallzed

In the fascdeim ( Martn=Padllla ond Farm, 1965 )., while othens ( clhed above )

postulate a loss of neurcepithelium, However, this confilet may be partly

resolved by noting that whather the loss of cells Is In the neurospithelium or tn

the mesodemn could dtp:nd'on the specific tréatment, D"fdnnrit Peratogens could

tnterfre with the suvival of cells In elther of the twa layers.
3. Spontonecwus exencephialy In the mouse

The Met of Inherited congenital malformations of rﬁo central
¢ " . w 0
nervous.system Is'a commen occurrence in cerialit stralns of mice, but fﬁo underlying

- cauees of the defecty have seldom. been conclulvely estoblished. Studles of the

mbwéleélml dov&lép;mm “dt;r!nc the perlod of neural tube cloture have often ,
anumed mlehd dheh oﬂho abnormal dovclq:mom ( e wavy Mt;m' tube ) : "
ta be the Inital eaun of. ﬂn mclfomﬂen. In faet, a"uhf changes occurﬂng ;
within the tinues d 'ho neural folds could be the underlying factor ocmbhg for:
* the grom muphdqiul abnomllﬂu wen. Thnhn. although the genetics of
7 tnherred axtncaphaly have b wdﬂ-d-ﬂmd ihe m ouueal machantame

aon NWM«I




ond was In opposition to an earller study by Bonmvlc ( 1934), who felt the blebs

1o be the md\cnlm causing nonclesure. However, eny“mdorlylng «Huler

-Jahm(l%?o)nmdauml—duntmem Extra~foes ( Xt ), that acts:

. In1923.LIle and Bogg Imadlated a straln of mice, and nted
the appecrancs of cxonccpha"c-l!kg mice In the fo{:rrh generation. The gene,
my { myonecp;\one b!oh“) , s recesslve ond therefore only homozygotes are
offected. Cystle fu!qld filled vesicles erupt along the neural folds, preventing

thelr complete closure In the mesencephallc reglon. This was demonstrated after

an cxtcm!w’ histological examination of fho m‘ftchd eambeyos ( Carter, 1959 ),

ware the result of !nepaod cerebrospinal fluid reoperiing a closed neural tube. .
The latter study, however, l;ckod the strong morphologlcal evidence found In

Carter's w':rk.n Puud:n«phnly ( Bonngvlo. 1936 ) was also found In a stock that

carrled the my gene, although Tt genetlc disassoclation from my was never firmly

establ lshod An oxpond braln characteristie of exencephaly was pm.nf, ond

mlerucoplc oxom!nmlon revecied the neural tissue to be histologically well

differentiated, In spite of the spaclal reorganization. The fallure of the neural

tube clasire was astoclated w!th extreme lmgu!crmu and curvatures in the

cervical reglon, and the mu"mt tenslon produced by this twlsting was belleved T

conditions sﬂmlaﬂnq the production of rhm flexures were not determined. |

¢

s a lethal In it hemum\n form, producing severs polyddalyly frequently
: x
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accompanted by exencephaly. An allele of Xt, known as brachyphalangy
( XtbPh, johnaon, 19675 ) , also produces digital defects cand exencephaly,

. The embeyological changes leading to the neural tube defect have not been

Investigated. Other reports of Inherited exencephaly Include the recessive
genes open eyelid ( cel, Brown and Hame, 1973 ) and exencephaly ( xn,
Wallace, 1975 ), the t*8 allele of the Brachyury gene { Bruch, 1967), and
the dominant gene Bent-tall ( Bn, Butler and Lyon, 1967 ). All thess genes
express exencaphaly regularly In a proportion of the homozygotes.

Exencephaly has also been reported In arsoctation with spina

‘biftda ( a leslon of the neural tube In the lumbq-tacrocaud;ﬂ area ) for other

genes of the mouse, Splatch ( Sp ), an autosomal dominant, shows opan neural . -
folds of the head reglon in addltlon to myelcechlsly of the hind area In some
homozygotes { Auerbach, 1954 ). Extensive overgrowth 1s comlidered to be the
causal, force that prevents the folds from fusing. This theory 1s supported by
studles mecsuring the m!foﬂ; index of affected neural tubes ( Wilson, 1974)
which showed a slgnificant Incrects In call prolifercilon In the reglons of F

‘,nmqlegun. Chesley ( 1935 ) noted neurel tube abnomalittes In the development

of the mulont Short=tall. ($4).  In the homezygous fom, this cutcsomal
um!-demlnw wvenly uﬁcn‘ the axlal shul»en. An mbryelegfeal study
Wzkwhn—%mhﬂmr, 1945) nmhd severe dopmmtcn of the tall dua
fe notechard dhmﬂnulty Blch of surface ectederm emftor to the sacre! ug%en

of tho navral tuh multod In nonclosure , producing both Iplna bifida oad me-phcly.

\
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SHI1 ancther semi~dominant gene' producing axencephaly In some homezygotes Is
Loop=tall ( Lp, Strong and Hollander, i949 ). The Fulﬂun of the neural folds to
ﬁn Is extensive, extending past the cephallc reglon down the dorsal surface of
the embryo, Recent electron mlcroscoplc examination of the Hisue detected
wriace defects of the neurceplthseljal cells, ultimately resulting i‘; necrosls of
this layer ( Wlson and Mlchmlx, 1975).

“ The two mutant genes used In the prasent study also exhlbit
spontaneous nxon«p!\uly. Rib fustons ( Rf ) and Crooked=tall ( Cd ) an'oufozm\\ul
semidominant genes that cause lethal exencephaly In the homozygous forh, The |
Crooked-tall gene, reported by Morgan ( 1954 ), produces o serles of axlal skeleta!
dufccﬁ ln‘both heterozygotes and homozygotes, with the latter exhibiting an Increcsed
frequency ond sevarity of the malformations. ‘The characterlstic crooked tafl arlses
from vertabral anomalles. The a‘no'commgm criterlon to distingulsh the gene<hearing
mutants from the unaffecied wildtype s the presence of cbnom;l cavdal v‘rhhmo.
The vertabrae 1 this reglon may be small, misaligned and/or fused, with varlation
In the number affected. The homozygotes can be separated from the heterazygotes
by possession of malformed vertebrae extending up Into the theracle reglen, ond
missing vertebrae In the Jumbar and thoracle reglons, Of the embryos examined an

0,10 gustatlon 4% of the homoxygotet are exencephallc, o melformatlon not seen

In the heteroxygous condition,

!
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The R gonoafftgh the formation of the ribs and spinal column
in the developing embryo. Unlitke the Crocked~tall n?ufonf studles, embryologleal
observations were made ( Theller and Stevens, 1940 ) to determine the mode of
" action of the RIb fuslon gene. Homf::ygotou can be ldentTFled by D 9 of gestatlon,
when abnormalities In somlte and neural tube formation are first detected, The
naural folds are Irregular and wavy in appearance, an effect thet Is thought to be
cugcl;fed with the observed presence of‘dh\omnlud somites, By D 10, T5% of
the homozygotes are exencephallc, and by D 12 additional abnormallties of the
ribs cppear, Heterozygotes never develop ox;n::uphaly, and are detected only
by the presence of fused rlbs by D 12,

The presence of spontanecus exencephaly In a proportion of the
homazygous Cd and Rf mutanti, and its absence In the heterazygous state, prompted
the e of these two genes In the present study.

4, Induced exencephaly in the mouse

| . Tc;wopm affecting the central nervous system Interfers with the .
nomal pattem of neural tube development, however thetr underlylng mechanlsm

s not always well establilshed. Some prevent nevral tubs closure and Induce

maphcly. To be effeciive the leratogen must be administered during a specifte

time In gestation, This ' erltioal perled', Mnﬁ which the organism s copable

N
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of responding to the action of the teratogen, is dependent on the embryo's
a@ of development, the duration of the Insult's offoTﬂv-nou, c;nd the
mechanism by which the mlfomot\!on Is produced ({ Landaver, 1954 ).

Exencephaly has been Induced In several| spc\cl« with a wide
range of wbﬂf:neu. It has been produced In rabblts mf;hd wlth concanavalln A
f Desesso, 1976 ), In cats with onﬂl“ﬁnga' drugs ( Scott stal, 1975), In frog
with trypan blue ( Gresnhouse and Hamburgh, 1948 ), and In chicks with )
methylmercury ( Gllant, 1974 ), histenas { Horels! ot al, 1973 ), hypoxla
( Jaffes, 1974 ), Inhibitors of DNA synthesls ( Lee etal, 1974 ), antiblotles
( Singh and Singh, 1974 ), and vitamin A ( Kvist, 1975 ). Rat fatuses exhibl
exencephaly after treatment with sodlum anenate ( Beaudaln, 1974 ) , dlaze
dyes ( Beaudoln, 1949 ), procarbazine ( Chaube and Murphy, 1949 ), glucoss in culture
( Cockroft uﬁd Coppola, 1977), vitamin A ( Kochhm: , 1968 ),a hyparthermla
( Edwards, 1968 ), diphenylhydantoln ( Metcler=Part and Tuchmonn=Duplests,
1974), matemal zinc deficlency ( Warkany and Petering, 19N ) and salleylate ,
p'ohontns\ ( Warkany and Takacs, 1959 ). Administration of tod‘um' arsanate
( Carpenter and Ferm, 1977 ), cadmium ( Ferm, 1971 ), Hrypon blue { Ferm, 1958),
retinole acld ( Shenefelt, 1972), 6-aminonlaotinamide ( Turbow et al, 1971)
and hyperthermla ( K!thom and Ferm, 1974 ) each yleld exencephaly In the golden -
hamster,

&
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Though some 1ubstances are teratogenic In several different spacles
1t cannot be astumed that o single mode of actlon Is equally sffective In atl
orpunﬁmoa,pmd Yo them. Therefore there are Iimitatons In applying experlmental
animal data to humans and only guarded extrapolations should be made. Though
the morphologlcal changes are well characterlzed, the underlylng mechantsms to

explain such alterations remaln obscure. Exceptions to this are'the studtes on the

effects of trypan blue ( Dencker, 1977), excess vitamin A ( Marin-Padllla, 1964 ), '
EDTA ( Danlels and Moore; 1973 ), and #yd}o;yum ( Sadler and Cardell, 1977),
In which histological axamination of the affected neural Misue has lscloud\ celluler
abnormallities responsible for the malformation.

Exencaphaly can be Induced In the mouse with many substences,
Including mycotoxins ( Hayes et al, 1974 ), kidney anthsera ( McCalllen, 1972),
nhmoouun!drlnc ( Inouye, 1975 ), methamphetomines ( Kastrsky ond Tanay, 1971 s. : i
polybron!!né;od biphenyls ( Corbett ot al, 1975 ), phencbarbital ( Glbson and Becker,
1969 ), cytochalastn D { Shepard and Gresnaway, 1977 ), Inhtbitors of DNA
synthesls ( Skalka, 1971 ), trypan blue ( Hamburgh, 1952 ), cadmium ( Plerre ond
Halnes, 1977), matemal fasting ( Miller, 1962 ), ond stree ( Homborgh et ol 1974),

The administration of tnsulin has alio been demonstrated to Induce
exencaphaly ( Smithberg et a!, 1956 Smithberg ond Runner, 1943 ), Severol Inbred

strains of pregnant mice ware Injected with 4=5 unlte/kg. of promv;\lnt zine Ingulln

i
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on D 8 of gestotion, and thelr offspring showed significont Increcses In the

- fnqm;scy of exencephaly, Vertebral and rib defects were also noted, Vertebral
abnormalitles have also baan found In the fetuses of rats treated with Insulln
throughout pregnancy ( Lichtensteln ot al, 1951 ). ‘Many of the vertebral centra
lacked complete oume:ﬂon » as did the carpals and phalanges of the |Tmbs,
I"regﬁant rats treated with Insulln on D 7-9 of gestation preduced offspring with

fused or duplicated centra, When the rats were subjected to a 48 hour fast prior

to the treatment additonal oum’cuflon defects of the axlal skeleton were
encountered ( Hanndh and Moore, 1971), Thisls In oppoilﬂcn to a stmitar study
by Ream and his coworkers ( 1970 ) In which adminlstration of massive doses of
Insulln to pregnant rats on D 7-9 gestation failed to produce ikeletal dofu:.h.

Previous work had Indicated the teratogentcity of fnsulln In chick

development, Duralswaml ( 1950 ) observed a poorly oultfled skeleton and
lho.rhnod beak and 1imbs after Insulln treatment of chick embryos on/D 0-4 of
Incubation, Landaver { 1944, 1962 ) Injected Insulln Into the yolk sac of
. _developing chick embrycs and !ndu?ud several types of malformations, Rumplesness,
- @ partlal or complete lack of tall structures, was Induced after Injection of fnaulin

on the flrst day of Incubation ( 24 hour stage ), while micromella and malformad

beoks were produced after treatment on day 4 ( 94 hours ), Examinatlon.of cells of
the beain and trunk reglons of chick embrycs afected by Insulln treatment have
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demonstrated ultrastructural changes thet Include @ severe decrecse In the
accumulation of RNA and protein ( Hickey and Kleln, 1971),
The avidence for the actlon of Insulln as a terategen of nevral
tube and eletal dovelopment prompled te e In the present shudy.

|

.
8. Amn&nly

WL1 human counterpart to mouwe exencephaly ls known o
anencephaly, In affected human fetwes due to the long gestational perlod, the
expased mass of neural tsue degenerales, leading to the chm'm of not only the
cronlal vault, byt also the w/orlytng tlsve os well, The severlty of the defect s
dependent upon the extent of cranloschisls, The agoﬂmd, thick neck, protruding
tongue and flattened nose characterlstic of many é&;pl;"a—on :t;“(_lngly
simller to animal exencephallcs. The embryologleal origin of ;;onapholy s
qenerally accepted to be an Inftlal fomatlen of exsncephaly dus to a fallure of
nevral mh closure ( Reckiinghausen, 1886; Muﬂn-h'odl'ln, 1970), fcllwo\d
by subsequent necresls of the rudimentary brain, Some, however, argue that the
cawee s the recpaning of a closed newrol tube ( Gardner, 1977; Chaurasla et al,
1976 ). In human development the anterlor portion of the neural tube closes

between days 24+26, while the pastericr neurapors closes by.dey 35 ( reviewsd

by Potten, 1968 ). Fallure of clowurs of the latter results In w?y sondiHen known

A
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as spina bifida, The simllar etlology of both malformations has led to the 'pm‘pml
that both are dus to identlcal forms of defective cloture occurring In lsolated
_reglons of the neural tube (Leck, 1972). The frequency of both defech occurring
 slmultaneously Ts 10% ( Warkeny, 1971 ). Neural tube defects may occur alene
or ansoclated with other ma!’f‘t::‘rmaﬂom ( David and Nixen, 1976).

Amnuphélyh a nluﬂvcl; common mlfcm\oﬂ::n. The lnclc!.neo
averages 1/1000, but many geographlcal areas show a slmmcim; Increase In this
figure. Varlations In rates range from 5.9 ( per 1000 births ) In Ireland ( Coffey,
1957 ) and 4.5 In South Wales ( Carter et al, 1967) te .7 In Australia ( Coltmen

ot al, 1948) ond .8 In Jepon ( Neel, 1958 ). In Canada the average !m:ld’onu
s 1,6 ( Elwood, 1974 ), w!'h the rate In the province of Quebec bhelng 1.4
( Horowttz ond McDonald, 1969 ). *

. Epidemlologlcal studles of Ml Ouho. defects have uncovered
varlations In pattem that suggest o multifactorial and complex cawation. The
prevalence of amncophcly'h been related to geagraphic and ethnic differences.
Variations with place can be seen within Canada, with regional differences
extending from 2.1 In Prince Edward lsland to .6 In British Columble (VE!wood,
1974; Teimble and Balrd, 1978 ), and o ¢ In prevalence extending from
London ( 1,4) to Belfest ( 4.2) within Xd Kingdom. ( Eiwood and Nevin,

——. 1973). Ethnlc differences have been demonstrated In a study where families
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of French and English orlgin living In Quebec were shown to have a similar

oscurrence of neural tube defects ( 3.4 and 3.2, respactively ), while the —

Jewlsh population had a much |éwer rate of . 7 ( Horowltz and McDonald,
1969). :
Variations Wi th time have al;o been ohm(\'nd In many studles
of neural tube defects. The first 1s a long=~term trend shown by an extended
study ( 1950 = 45 ) In Englond In which o gmdual , significant Increase In the
rate of neural tube defects followed by a retum o the mﬂglnul level was noted
( Leck, 1966 ). Seasonal fluctuations vmc uha ohumd vmh the rote of
anencephaly !n England and Wales tnmlng thmfold cmo@q chﬂdnn concelved
in the spring versus the fall, during the 1940's and 50': ( Elwood and Nevin, 1973 ).

jp!nc bifida has also been seen to follow this pattem, even In the absence of

fluctuating seatonal rates for enencephaly ( Carter and Evens, 1973 ).
* Assoclations of matemal age and parlty with the prevalence of
neural tube defects have also been uncovered. The genercl trend !s an Increase

~In Incldence neor the end of reproduction ( Leck, 1974 ), and In flrst births |

( Carter and Evans, 1973 ). The rate declines In second births, then Increcses
agaln with succamnsive births ( Nuniin, 1971 ). The effect of soclosconomlic

condltions has besn extensively studied In England, where the rate of anencephaly

has been found to be a8 much as fourtimes greater in the lower clases, although
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this trend has been absent In many other studles, Including one of the Jewish
population In Boston ( Naggan and MacMahon, 1947 ).
To avold ambiguittes In sex Identification of early fetuses,

chromogomal studles of phenotypfcally femala anencephalics have been performed

\ ( Nekano, 1973 ). The varlatlon of the sex ratlo Is wide, but overall indicates

a preponderance of females. Pedigree studies to determine famillal occurrence

have demonstrated increased risks for sths of affected children ( Carter and Evans,
1973 ). However, concordanuca rates for twins, whether monozygotic or dixygotle,
are |owsr than the frequency of recurrence ,n stbehips ( Yen and MacMahon, 1968 ),
Since thls indicates an environmental offnc;*, Knox ( 1970 ) has explalned discordance
In twins by postulating the ellmination of one twin, In cases of both affected, by
some mechanism of ! fetus-fetus Interaction’ .

Environmental factors affecting the Incldence of anencephaly and

‘other neural tube defects have been Inferred from padigres studles. Attempts to

Identify these Influences have corralated the prevalence of anencaphaly ta Intoke
of tea ( Fedrick, 1974 ), canned meats ( Knox, 1974 ), and soft water ( Elweod,
1977 ). Exposure to herpes vins has also been Implicated In the increcse of neural
tube defects ( MoDenald ot al, 1974 ). One of the more popular hypotheses to
explain the rate of neural tube defects In Great Britaln was the Ingestion of bifghted
polatoss ( meld:,/l973 ). Splers ( 1974 ) conducted an Amerlean study ond could

ot i
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not find such a correlation. The administration of the glycoalkalold compounds .

found In bllght to rats ( Swinyard and Chaube, 1973; Ruddick, 1974 ), mice

" ( Pterro, 1977 ) and rhesus monkeys ( Allen et al, 1977 ) ylelded negative results,

~ although there s some indicatlon of teratogeniclty In chick embrycs ( Jelinek

et al, 1976 ).

A study In which 13/14 digbetic women had children with neural
tube deformities lgdlcahd an Increased antagonism of the fetal plasma albumin to
tmulln( { Wilson and Vallance-Owen, 1966 ). However, although cases of Insulin
adminlstration during pregnancy have been reported to be associated with anencephallc
births ( White, 1949 ), neural tube defacts are not considerad o frequent congenital
malformation In the Infants of dlabetlc women ( Pederson et al, 1964 ).

At ppunf\!ho only successful prevention of neural tube defects is
early Intra=uterine detection and ;bonim of affected fetuses. Between 13~14 weeks
of gestation ; the alpha=fatoprotein levels In the emqtetfc flutd rise sharply, Indlcating
on open leslon ( Brodtldnd Sutcliffe, 1972). Recently, the m‘loﬂc\vclpho-fohpmhln
levels have been tested Tn rats ( Smith and Kellsher, 1977 ), and mice ( Adinolf et al,
1976 ) and a trend simtlar to the slh“iut}la: In human fetuses hos been found. Therefore,
in view of the severity and preponderance of ﬂ;lmphdyﬂa a congential malformation,

Hhe mem!t; of unveliing possible causes remains essentlal, desplte ﬁ{o complextty

v
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of the lssue. The exencephalic condition In laboratory mammals may closely

resemble the embryopathy and morphology of the early stages In human
anencephaly. If similar pattems In tests of detection may be cond’dond to o
be o mutuol oxprm!on of the defect, then the mouse may yet serve at a valld

model for studies of the etlology of anencephaly.

-
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8. Gone-hrétobnn Interaction I

Goldschmidt ( 1935 ) first used the term phenocopy to describe
non~hereditary modifications In phenotype due to treatment with some environmental
agent. In his expariments ( 1917, 1935 ) » Drosoohlly flies exposad in the prepupal
stages to Increased temperatures deviated from nor;nol morphologlcal development.
The malformations Included eys, wing, bristle, body shope,' and colour variations,
ond resembled the phenofypes of well known mutant genes. Thus, after an Tncrease
In temperature from 25° C to 31° C during the larval period, stubby, forked, extra _ o
and missing beistles, vestiglal and spread wings, rough eyss, ond dark coloured
bodies were found Instead of the wiid=type characters.” Other studles ( Plough,

. 1983; Plough and Ives, 1935; Gromman ond Smith, 1933 ) Involving hundreds of
thousands of m.. xond employlng heat shock as Ol\oonv!mnmrol Insult also yhélded
aslgnificant Increae In the frequincy of somatic variations. All flles were From the
Florlda wild stock, yat exhblted wch phanctypes aficrossvelnlem, spla, sooty, and

‘\
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truncate wing, noimally resteicted to mutant genotypes. Other studles wing different
envrcnmental stimull, iuch as neutron bombardment ( Enzmann and Hasking, 1939)
and x~rays { 8lone and Vitlee, 1942), produced Indlviduala resembiing genotypes
othar than the ones uad Additlonally, Goldschmldt found the Hme at which certaln
phenocoples eqn be !ndueid lehighly speclfle. He had shewn'( 1935 ) eye shape to
be thermally mnaltive dur!ng most of the third larval lmtur perlod, while wing effech
such o truncate ( Blonc-and Chlid, 1940) and vestiglal { Honh and Ward, 1932)
could ba Induoed only at pupation, 1

Based cn these studles Goldschmldi ( 1945 ) propndcjoa hypothesls of
relative mc;lon veloclties to account for the -rlmo-lpoelﬂé Induetion of phenocoples.’
He consldered the role of a gene as controller of the cﬁullulcr actlvities Initiated
during the process of development and subsequent differentiation, Thoh‘normol action
of the gene would be to trigger the protiuction of Pl\on: determining whetances 1 b
( hommones, oc?qum precuron ) needed for the malntenance and specialized
funations of o mature cell, Mutent genes lriterfere with these pmew, peulbly by
dlarupting these necesary chemoal reactions, leadng to a |!qq|ﬂmw change In thelr
reaction velocities. Envirenmental agents ( l.e. heat thoek ) also lnhrhn with the
mhbolhmohho oall, Should theee pmhthbum o the onu«nd
on by mutent genes, then a phenocapy wlll sceur. The final marphologloal entlty 1s
() Ijoht of al! functloning dmlepmnycl processss, and therefore any substance, be It

i
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* mutant gene or axternal eMect, that can secenfully Interfere with these functions
wlll yleld some varlations of the normal phenotype.

A consaquence of Goldichmldt's theory wos the prediction that
organlsms possessing a mutant gene known to effect some developmental event would
respond more m;llly and more frequently upon ;xposuro to an environmental agent

. assoclated with the production of o phenocopy of that mutont. This was demonstrated
for bristle development In drosophlla by beth Plunk;n (1926 ) and ives ( 1939 ),
The farmer uuld heteroxygotes for the racaisive genes dichaete and hatrless, the

latter vsed hmmygom for the recessive gene scute. In both studles the exposure | ,

of the hamozyqom during the larval perled to Increcsed temperatures ylelded a
sgnificantly higher frequency of phqnocop!u than among the treated wild-types.
The same trend was establithed for mutant gene vestiglal wing heterozygotes

(H:rlh and Ward, 1932; Stanley, 1935). This QXPNSI";'W of a rccmtv‘o‘ghm n

a single dose after exposure to o teratogen was designated s 'reversal of dominance’

(Child atal, 1940 ). In all of the above studles the authon attributed the Increased !

'f \ phenocopy frequenay found among the treated heterozygotes to the dual presence of
; mutant m and mvlronmonlal Insule, both acting on the same mataballc processes.
Hersh md Ward fomd that the aﬂomd developmental event mld be exprened &

on oxpomnncl function of hmpmtm. By platting the phonocopy frequency -
(‘dependent varlable ) agalnst the logarithm of the hmﬁokrun { !pdopmdam variable )

4
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the siepe of the |ine Indlcated the change In the reaction rate. The magnitude
of this change In reaction veloclty for fhc developmental. process of wing
formation wes not the same for the tnaﬁd hateraygotes and wild-type. The
Interaction of the gene with the teratogen had resulted In a new reaction veloalty
(slope of the 11na ) that represented a unique underlying mode of actlon, |
The work on phenocoples was further elucldated by Landauer using

chick embryos. The adminlstratlon of nlcotine to chick embryos at 72 to 96 hours®
of Incubation resulted In a shortening and twisting'of the neck due to malformations
of the cervical vartebrae ( Landauer, 1960 ). Higher doses produced dwarfing,
shortened beak , and hypoplasla of the muscles. These features paralleled rh;:u
obsarved In the recessive 'croc;kod-nock dwarf' mutation. Treatment of phenotypleally
normal heterozygotes with nlcotine gave a higher frequency of response to the teratogenic
sffects of nicotine than the wild=types, Ancther teratogen, Insulln, whose phenatyple
effects differed from those of the recessive mutant, falled to Induce a higher frequency
of response In the heteroxygotes. This suggested that nlcotine, but not Insulin,
Interacted with the recesmsive gene by acting on the same metabollc pathway (i),

, Treatment of chick embryes with é=aminonlcotinamide { 6~-AN )
produced a syndrome of micromelle and beak defects ( Landauver, 1957). In
another set of experiments the Interaction of 6=-AN with saveral types of recensively
inherlted micromella wos studled { Landauer, 1968 ). cmo"hnhmym embryos of
the mm® gene were more susceptble to 6=AN=Induced mlcromalla than the nomel

@
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genotype, Heterozygotes of the mmH and ch mutents, hewever, did not show
* this Increased fraquency 'n response. Tha concluslon was the mm™ gene and
6=-AN exerted thelr effects on the 1ame metabollc processes, while the mmH
and ch mutants had routes of actlon Independent of §~AN's, Landaver siressed
that conclusive evidence for o gene-teratogen Interaction would (le In (thu

delineation of the underlying mechanism disrupting the cell processes.

Studles on the Interactjon of mutant genes with teratogens have

also basn performed In mics, The adminlitration of trypan blue to mice hetercxzygous
for the recessive gene eyelessness ylelded a higher frequency of ancphthalmia In
these offipring thaq those of the treated nomal straln ( Borber, 1957, Beck, 19;3 ).
However later werk Indloated subline dlfferences, In susceptblllty to trypan blue,
between the nomal and gene-carrying populations ( Beck, 1964 )L Therefore the
differences In response could be qulte unrelated to a gene-teratogen Interuction.

Heterozygotes for the recessive gene microphthalmla thowad an Increased frequency

° o{' effu:od embryos compared to the nomc! group aofter treatmant with trypan blue
( Hoshno et al, 1972), The efact of trypan blueon two uutcllomul dom Inant genes
hes also been examined. After treatment of pregnant females offspring homezygous
for the Extra~toes gens demonstrated a higher frequency of sxencephaly than the

coresponding wlld-type ( Johmon, 1970 ). ¥ an Interaction was present cne

would expact the panetrance of the gene to be Incremsed In the heterczygow
offpring aMer treatment also. However, the frequency of exencephaly In the

°
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hohro:y‘ofs did not differ significantly frem H\;Q of the wild-type. Therefore
Johnson concluded the pathways of action of the gene and teratogen to be
different from one another’ thought no evidence was offered to support such o
statement, ( ‘

The adminlstration of trypan blue to pregnant famales alse produced
talllessness In the offspring heterczygous for the Brachyury gene, with the wild=type

remalning unaffécted ( Hemburgh et al, 1970 ). Since this condltlon ocours

spontaneously only In the homoxygow mutant form, 1t was felt the treatment

Increased the penetrunce of the gene. This could be accompiished by the action
% of gene and Mmonlon on the 1ame metabollc pathway, but no evidence defining

[E———
«

such an underlying mechanism was presented.

The mutant gene |1d gap, which causes fallure of eysild fuslon,

.-
L 5

falls to penetrate In 30 per cent of the mlce who possess I, In an attempt to
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Increase Trs penetrance pregnant females ware treated wtfh cortlione, but the

e

ofhrlng » all {id gap hemazygetes, !mhpd domonnmhd a significont decrease

‘ :ln exprenlvity of the mutant phenctype ( Watney and Miller ) 1964), To hypothuln
some mechanlun by which the cortlsone Interfered with the action of the gene would 1,
have baen mere speculation, a point well emphesiued by the authors. Dagg ( 1967)
studied the effect of flioreurac!! ( S=FU ) and two mutant ganes on |imb development,
High dosss of 3-FU caised mxhl hyperphalengy and tblal homlmlh In the mowee.,
The mulants, luxeld and tm. were twe aviesomal deminant genes that ewnd

l
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polydac;yly In heterozygotes, and tiblal hemimella 'n homazygotes. A low,
non=teratogenic dose of 3-FU was adminlsterad to pregnant females and produced
tiblal hemimella In the heterczygous offspting, ¢ coni%lﬂnn not found In the
homozygous normal stbs, Still, Dagg stressed that the action of the gene and
teratogen could not ba surmlised to act on the same ‘blachemlcal procetses, Similer
results have been obtalned from srudh_: with 5=FU and the mutant Strong's luxeld
( Forsthosfel, 1972 F?nrhoofcl and Willlams, 1975 ), and 3-fluorodsoxycytidine
and the 11mb deformlity gene ( Degenhardt et al, 1948 ), In these studles the
heteroxygous offspring, after treaiment, phenotyplcally resembled the mutaent
homozygete.

{

|
Actinomyain D, an Inhlbltor of RNA synthesls, wes edministered

_ to pragnant females In an attempt to anclyze lts potentlating effact on the

Brachyury gene, T ( Winfleid and Bennett, 1971 ). As a heteroxygote the T gene
produces short talls, o1 o homozygote it 48 lethal The recensive alleles (t)
can all Interact with the T gene to produce talllessness and deformities of the
central nervow lwt;m, leading to sarly developmental arrest. After trectment
heterczygows { T/% ) females produced abnommal embryos at a frequency of 50%.

The malformed ambrycs, presumed to be T/+, ware phenotypleally simllar te those

of T hemonygotes and the lethal t allele. The auther suggested the actinomyeln
D must Intaract with the T gena In changlng the hetarozygotes Into phenccoples
of 'h.‘?‘/'f ond ¢ allele hemozygotes. They felt the Increase In oxprosalvlty of
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the T gene by actinomycin wes due to simllar revtes of actleon, but admitted
the causative blockemical mechanlsm remalned undefined, Talllessness was
aleo produced in heterszygow offspring after the pregnant females were exposed
to T=2 poxln ( Lary, 1977 ). Again, some underlylng effact on a common mebabolle
route was postulated but not conclusively establlshed,
Thus, many studles have described environmental-based changes

. In phenotype that mimlc some varlant known to be due to a change In genatype.
The md?rlyhg mechonism In the production of these ph\ar;ocoplu‘ Is assumed to be
a dlsruptive effect of bath the mutont gene and the teratogen on the same develop~
. mantal process, 1,0, by acting on the same metabollc pathways. However, In
mmy of these studles presented here, this underlying mechanism ls not or cannot
be bfouth to light. Thus there remalned a need to estabiish some mathod by whish
a gane=teratogen Interaction could be truly Indlcated. The tem 'gene=teratogen
Interaction' could be considered to Imply that th(on two facters joln together to
M a unlque relatlonship, and In doing so, change the mpc;m of the organism, |
In o true Interaction,.the quality as well as the quantity of the response changes,
What becomes Impertant ls not that the frequency of rh-lmdhmﬂcn Is Increcned,
but that In some way the gene and teratogen act fogethar to praduce this response
In a'new and speclallzed manner, |

, " Lawentln ( 1974 ) has wed the term 'nomn of reaction! to refer to
the relatienship of genotype and ongtmmf to phanotype, Glven any twe
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genotypes, should one somehow Interact with the environment In a way different
from the ather, the Incremants of change In the environment will not yleld
the same unlt change In the two phenatypes. Tna graph of genotype vs environment,
the phenotypes could be represented as Intersecting lines, thelr nome of reaction
being truly differant. Referring back to the wo:k on drogonhllla, 't was seen that
a gene-teratogen Interaction could be defined as some change' In the reaction rate
of a developmental process, ond(thut this new reaction valoclty could be characterized
graphlcally os some dlfferential change In slope. Therefore ‘!f became plaustble to
think of an Interactlon es a unifled force leading to a uniqée change In the rate
of a developmental process, represented by a change In the l|TOpQ of the response
curve.,

This approach has been used In the study of genotype=teratogen
Interactions for cortlsone=induced cleft palate ( Biddle and Fraser, 1976; ‘Blddlo,;
1977 ). Increasing response frequency was plotted agalnst increasing dose of teratogen,
The statistlcal transformation of the data to a set of stralght Iines was achleved by
the uss of problt analysls, to be dlicussed In detall later, The serles of parallel '
dose~response curves obtalned In these studles Indlcated the underlylng mechanlsm
for the production of cortisone=Induced cleft palate to be the same for the stralns
tested. Intersecting lines, had nonparallellsm been demonstrated, would have
reflected o differential change In the mode of response, a reaction veloclty change

In tha developmental avant due to 1ome gene=teratogen Interactlon,

N
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The diffleuities encountered In previcus studies when uMpt*ng
to dlscem the existence of an Interaction have rested on the na«u!fy\of tecating
ond deflining the underlying mechankm. An Increase In the frequency of response -
after treaiment s not In Ieeif conclusive evidence for a simllar route of actlon of
gene and teratogen. Problt analysis and the m.!dy of dose response curves can rhu;
represent a statistical tool with which Interactions may be established, Once an
Interactlon Has been shown to exlst on @ mathematical basls, then the search for
the underlylng blologlcal mechantim that defines this new typs of response may

proceed. ) \
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8. Materlals ond Methods
1. General -
. All mice vsud In this study were kept In the animal quarters of

"the Deparment of 8lology, McGlll Unlversity. They ware howsed, five or less,
In plastic cages with wood chip bedding, and fed Purlna Lab Chow and tap water

_gd_[_l_l_:!ﬁo_m They were malntained on a cycle of llb hours |Ight and 8 hours darkness.
The Rib fuslons { Rf ), Crooked-tall ( Cd ), and SWV mice were al!
provided from colonles kept at McGlil, All are Inbred stralns and are maintained
s wuch by brother=slster mating, The preferred breeding design was to mate
heterozygotes to wlld=typer, as_this not only produced the heterczygous and wlld-type
males to be used as sires In the experiments, but also avolded the prodyction of )
bomoxyeom, which do not survive fo birth, Both be fuslons and Crooked~tail ) y
heteroxygates possess vertebral malformations of the tall that glve It a kinked and ) i
knotted appearance. W/ild=type males ( denoted In this study as $4<9 and 4ARF ) e
ware separated from heterczygotes on this basls and further checked for trueness of - ¥

qenotype by @ mating with a wild=type female. The Iltter produced wos exomined,
ond the presance of any cbnml Mlcd offspring eliminated the male from the
study, Fifteen males were used "l;louch crom, e, 15CiA Y, ISWC"C'@ s,
. 1SR/A4+4D S, etc., and the same males were used for mating with both the A/J

and SWV doms. EBach male waa housed separately.




1

Virgin A/J (A ) famales wo; obtained from the Jackson
Laboratery, Bar Harbour, Malne, They were 6 to B weeks old when recelved,
and maintained In lsclation for at least two waeeks bafore use. The SWV females, )
also nulllparous , ware 6 weeks of age when mated. Females were placed with
"males on a one=to-cne basls and were not removed untll mating had occurred.
Females were checked each morning and, if a vaginel ph:g was presant, they
ware removed to a new cage In groups of up to flve, By conventlon, the time of
conception was consldered to be 2 o.Tn. on day 0, the day o vaginal plug was
detected ( Snell et al, 1940), | |
2, The dose-response oxpcrlmanﬁ « |
1 A/J dams
For the dose=rasponse work the crostes were established os follows
( by conventlon, the female genotype s llsted flrst ): A x CdA, A x +4Cd,

A x Ri/r, A x +/+", and A x A. "Ten untreated litters were collected from each

cros fo yerve as controls, For the A x CdA, A x+/+Cd, and A x+/8 crosmes

the deses of Insulin administered wlon 6,28, 7.5, 10,0, 12,5, ond 13.75 L.u. /kg.
The A x A-crom recelved only 4 doses: 4,25, 7.5, 10,0, and 12.5 Lu./kg. A
least 10 {1tters-ware collected at sach dose, and this number wos axceeded at some B

{

of the doses. ”\ ‘




v
‘Protamine zlne Insullh wos purchased from a local pharmacy In
a aencentratlon of 100 1,u./cc, which was diluted with sterle distllled water.
The fnsulin was Injected intraperitoneally, In an amount proportional to the welght
of the famale on the day the vaginal plug wos found, The time of adminltration
'wes D8/12, suggested by Smithberg and Runner ( 1963 ), and varlflad as the Hme
of maximal response In l'h'; study by a preliminary time-response experiment. A
dose of 10,0 1,u. /kg. of Insulln was adminigtered to the Fon'lalu at one of the
followlng times: D7/18, DB/6, D8/12, D8/18, and D9/6. Thres 11ters ware
collected at each time for each cross, and scored ;er the frequency of sxencephaly,
The results, found In Table Bl and Figure B1, Indicated the maximum response was
obtalned with treatment on D8/12,

Food and water was removed from the cages for slx hours following
treaiment. The treated females were sacrificed by cervical fracture and the embrycs
collected on D13 or D14, 'R«orpﬂom were noted, and the ;mo'n!ng embrycs were
scored for exencephaly and other malformatlons, and stored Tn 95% alcohol. h
an attempt to dentlfy Cd/+ and Rf/+ embrycs, the embryos were cleared ond the
tkelotons were _stalned with methylene biGe using one of hwo precedures ( Gruneberg,
1953; lnouye and Miners, 1976 ), but sufficlent delineation of the cartilaginovs

sicelaton could not be obtained. .




‘ ' TABLE 81
A Insulin time response data; A/) dams (10 1.u./kg)
] " no. of no. of ' no. of %
mm"'/o:cl ﬂ)m littens live embrycs exencephalles exencephaly
y/ heur
‘Cgﬁ sire | \
8 3 14 . 1 7.1
8/é { 15 2 13.3
8/12 3 ‘ 14 3 21.4
8/18 3 13 S 7.7
9/6 3 13 C 0 0.0 ¢
-0-Z-|-Cd slre # ,
718 3 18 0 0.0 ‘
8/4 3 17 | 5.9 ;
8/12 3 15 3 20.0 -
8/18 3 14 2 14,3
%6 3 15 1 6.7
Rf(ﬂtn o
78 3 13 0 0.0
8/6 3 13 2 15.4
a2 3 16 8 50.0
¥1e 3 13 3 2.1
,/6 3 ‘3 0 0.0 ’ §
ﬁ’lﬁ" \ ,
M 3 4. o ' 0.0
&6 3 4 u 2 14,3
V12 3 13 4. 30,
/18 3 \ " -3 2.4
%4 3 1. 0 0.0
Julh X - " | | 0 L '.Li
e B 14 ! 7.1
WV 3 SRR - 1 &7
SN 7, S B 16 2 X
e 8 1 1’ 0 0.0
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M) SWV dame | |

For the dose-response work wlith the SWV tnbred females, the
cromses uied warw SWV x e/, SWV x#ACY, SWV u pi, SWV x /%Y, and

SWV x SWV. The time=response study. Involving three |itters at each of the
times used In the A/J study, also l;\d!cotod the time of maximum response to be
08/12 qfor each of the crosses ( Table B2, Flgure 82 ), Insulln was cg!mlnlmnﬂ
In the same manner as It was to the A/) dams; the doses used wor:fl0.0, 20.0,
25.0, 30.0, and 40.0 l.u./kg. The higher dosss were used In thls study as the
SWV were not o8 susceptlble to the lethal effects of Tnaulln as were the A/J
fémales, Ten untreated I1tters from each cross were collected as controls, Due
'« ta the larger |ltter slzes of the SWV mlce, os faw au six |itters were collected
at each do;u for the Ireated crosses, |
The females were sacrificed by cervical fracture and the mbry&
collected on D18, Examinaten of the embryes at  later gestational time then
In the A/J study was done to !m;wn the peestblitty of satisfactorlly stalning

the skelatons, As In the A/J study, the [ltters ware scored for terorptlomsand - =
melformations, ond stored In 95% aleohol. The owlfled skeletons ware claared . o
and stalned with allzarin red S, The skeletons ware then examined for vertgbral —

and rlb malformations.: The doss=response ( In'the present study this term wiil be
wd’énhhhdﬂchlm«dwy)mimﬂman from the
axperiments uing both the AZJ and SWV duiw were enclyaed by problt analysls.
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’ TAMLE 22
Insulin time response data; SWV dams .
gestational time ne, of | . neo. of no. of %
( day / hour ) Tters l1ve embryos exencephal lcs exencephaly
Cd/ *sire
! /4l 3 28 0 0.0
8/6 3 . 4 15.4
/12 3 24 4 2.2
/18 8 26 3 12.8
9/6 3 as 0 0.0
oA e ‘
A 3 27 0 0.0
¥/ 3 a 3 10.7
12 3. 7 4 14,8
 JAL | 3 0 2 6.7 -
9/6 3 a8 ! } 3.4
MYesle .
7”1 3 » o 0.0
8/6 3 ] é 2.4
. V12 3 24 10 ».5
S V4l 3 a7 é 22,2
\ 9/6‘ . | 3 10,7
Aﬁa :
/Al J R 0 0.0
Vé 3 o . 3 1R
12 3 - 26 8 19,2
T4 3 74 1 3?7
%6 -3 2 0 0.0
WY alre | u
7 3 a 2 7.1
Ve 3 » L d 0.6
E L] 3 \ : ] 3.0
e o ) 8 17.2
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3. Problt analysls
;

The recent impressive treatment of doss~response data by preblt
analysis In the Investigation of genctype=terategen Interactiom ( Blddle, 1977, | , )
Blddle and Fraser, 1976; 1977; Jurlloff, 1978 ) prompted !ts use Inithe present
study. It wes feit that the rigorous statistical procedures of problt analysls
represented the best and most complete approach to we In the study of gene~-
teratogen Interactions. |

Problt analysh ( Finney, 1971) ls simllar to |Inear regression
analysls, but ls used when quantal responses of o binomlal population are to be
examined. Thet ls to say the range of responses the subject can offer ls not

. nomally dishlbuted, but falls Into one of two mutually excluslve categorles,
l,e. normal va exencephallc braln, The response ltealf, In oddltien to beling
binamlally dlstributed, Ts quantal becawe the subject elther responds totally,

or remalns totelly unresporaive, Therefore at any glven doss, the effectivensm
of that treatment It expressed on the percentage of sublects responding. As the
dosoge il increased, an 'A‘ Incremsing percentage of the sublects respond , untl|
inally some dose s ached h ylald 100% rapasn.

* The adminletratien of a renge of desss, with each sample frem the
populetion mo'v,}mm of several desss, end the resultent resperse frequencles
are wed o estimate the cumuletive frequency distribution of the respence seneltivity
te the trewtment for the glven population. Any trend to be observad from the |

CJ"\




Increcsing response frequancy with Increcsing dose 1s enly accurately establ lshed

when the response at several different dose levels s examined. Thus In these

expariments 5 doses were administered to all the cresses except the A x A cros,

which wos treated with 4 doses, The dose=response curve may thus be contldered
to represent the cumulative frequency distribution of that population, nomallxed
by the mathematlcal transformations applied to the raw responte data, and valld
only over the range of deses employed. An underlying continuum of response to
the treatment, with higher doses ylelding a higher frequency of affected fetuses,

allows the rew data te be transformed Inte a continuous dlstribution, with any

grophloal representation of this response pattem confined to the |imits of the
dose range, . |
- i one plots thess Increcsing response rates agalnst the logarithme
of the doses w;d, a symmetrical slgmold curve s obfqlmd: whose midreglon s
! roughly |Inear. The dosage which ellclts o response among 50% of the subjects

Is known as the medlan effective dess, the “ED30". As the slgmeld curve Is most
Iinear In this reglen, responses near the EDgy are considered the most rellable.
The large deviations from |inecrity seen at very low and very high frequencles are i

ellminated by changlng the respanse frequencles Into problt values. A preblt
value s @ measure of the respense Increment cawed by changing the log dese by
one standard davlation, k s therefore a representation of the deviation of any
g/ven resporse from the midrenge responee value, the EDsg. A plot of the problt
values sgaingt the log dese values ylelds the |Inear doss~respors curve, '

t
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The methods of problt analysls ipoctullxo( In the handling of

quontal response data; other forms of |Inear regression do not. Aa the response

In every dosage group s based on a somple, assumed representative of the
population, sampling varlances will differ from doss to dose. In order te
estimate the best postible regression |Ine, each response qﬁ' be welghted to
reflect lts relative rellabllity, and the welght glven wll| bo directly proportional
to the number of subjacts tested at that doss. Also, since the graph of ﬂ;oc
cumulative frequency dlstribution showed the greatest deviations from | inearlty
at the extrame frequencles, 1.e. furthest from the ED gy, the values are also
walghted to decreass the!r contrlbution to the final regremion 1ine os they deviate
more widely from the EDxg. In these experiments a larger numbaer of |Tttars was
collected at the low and high response frequencles to glve further rellablllty
to the response estimates at these doses. The best representation of the regression
line Is obtalned by successive Iterations, unt!l the prablt values for the glven
doses change by lem than 0.1 from the prevlous round of calculations.

| The EDgg, o8 the doss required to ebtaln o response In half of the
{ - population, repressnts the relative sensitivity of the sublect to ,’h' treatment,
- Therefore a comparfson of the EDsg's fer all the croses tested In this study will
yleld differences In reactivity ta the treatment, The slope of the dose=response
suve nﬂnﬁc varlance, or range, of the respense date, with smaller changes
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In frequency frem dasage group to dosage group ylelding a mmaller valus for the
.iiif; \ ~ varlance, which In tum ls represented s o steeper curve. The slope ls thus a
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meosure of the change In rate of some developmental process as a function of the

log doss. Interactions may be Identifled cs nonparallel lines. Intersecting

dose~response curvas are due to a signlficant diffarence In slope values, which [s
Indlcative of different rate changes per unlt dose Increment,

Thus problt analysls was applled to both the dosa-response and
the resorption data for all crosses Luud In thls study, to determine If interactions,
represented as nonparalle] regression lines, axlsted, For the dose~response date

the frequency of exencephaly was scored ar the number of exencephalles per total

numbaer of llve Implants, For the resorption date the frequancy of resorptlions was

delermined as the number of resorptions per total number of Implants. The
ragresston |ines for tha resorption data ware correctad for the spontaneous frequency, .

a1 only Insulln=Induced resorptions were of interest In this study. It was net

necessary to correct the Insulln=Induced exencephaly dose=-response curves for

spontaneous occurrence of the malformation.

Systematlc devlatlons of the data from the calculated rnqrputon Ithe

lncilenh that the attempt to fit the data to a stralght line h Inappropriate, and o
nonlinear curve would l;.mr sult the data, Should such devlations exlst they are
detected by a slgnificant value for a goodness~of=flt 'x‘mt. performed on the
final equation of the line, )

| The standard errors of the slopes, and the }Tduelal limits of the EDgg

values ware also caleulated,
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To test for paralielism ne;ulon 1ines of appropriate subgroups
- of the cromes tested wete wheequently fTtted to a common tlops. Dlfferences
In the X"values between the summed values for the Independent!y fltted regression
IInes and that of the commen Iine were used to determine signtflcant deviations
from paratisiism. Lines which did not fit @ common slope were considered os
nonparal lel, and the presence of an Interaction wes Indicated.
| In the problt analysls, as with all other :\mhﬂu employed In
" this shudy , the level of signifioance wos taken to be 5%.

4. Morphological rating
To slucidate the underlying blologloal mechanism(s) responsible

for the formation of an exencephallc embryo, embrycs were examined during

the period of neural tube closure and scored for several morphologioal variables,
Three untreated 11Hers from each of the cromes were collected at sach of the
following gestational times: 8/12, 8/18, 9/6, 9/12, 9/18, ond 14/6. The same

design was employed to collect three treated litters from each of the cromes, with

|t Ax CA Ax ¢4, ond AxspM cromes recalving 13,75 LU /ig heul

\\ and the A x RA and A x A cromes recelving 12.5 1|,U/kg. The SWV dams
from all the cromses were given 40,0 1,U,/Akg. Thees were the doses that would
lold the highest percentage of affected embryss, Insuring that a sufficlent number.
sxencephalles would be sxamined. I all, 2837 embrycs ware coliected.
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The uterl were fixed In Bouln's for 24 hours, after which the
embeycs were remaved dnd examined under a diuscting micrescope bafore being
placed In 70% alcohol, Rewrptions were noted, and the embryos were scored

for lomln‘numlnr ¢ stage of neural tube closure, and stage of tuming, The system
used o8 @ guldeline for normal embryologlcal development h. Isted In Table 83, /
As was mentloned previowly, the somite number ls consldered to be o reliable ’
Index of the gestational develspment of the embryo, and the auignment of

™

somlte riumber to gestatienal "., was based on the comprehensive study of mouse

- development by Theller ( 1972) and the exomIinatlen of control ITtters In this ‘;

| 3 study. The examinatlon of the contré! |iHers also alded In establlshing the i |
;'}q:i stages of neural tube closure ( Table B4 ), modlifled slightly from the tystem usad 3 i
é*%\ by Rajchgot ( 1971 ), and the stages of tuming ( Table BS ), as the embryo moves :
il from a lordotlc to kyphotlc pasttlen durlig the perlod of neural tube closure.

Foph o
o

Other morphologleal tralts, wch as development of the otlc ond optle veslicles,
waere ol lminated as variables to be ueed because thelr perlod of active morpholegleal

development did not span the entire time period examined In this experiment.
Atter baing morphologloally rated, representative embryos were
photographed with a Wild photographic system.,

hY
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Cy TANE 83 ]
System ueed for morphologloal ratings of D8=10 embeyce ) |
stage of stoge of
gestational age no, of closure of tuming of : l
- ( day / hour) somite palrs** neurcl tube* embeyo*
8/12 8-12 0! 0-1
f 8/18 12-15 "o 1-2
f %6 13-20 e 3-4
* " 92 N-29 v 4
AN
9/18 2-32 - v 4 .
e %-u vit - ‘
‘ ~ " o0 tables for dacription of stages ‘
’ - modifled from Theller (1972) | :
o - ¥
. 3' - ! )
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- * madifled fram Rajehget, 1971

TABLE B4 .
Stages of neural tube closure*

optic vaalcle
branchlal arches
ottc vaalcle
heart
mesencephalon
prosencephalon
rhombencephalon

stomodaem

on T\

P
|

wIVTImMmy

The Neural tube 's completely open. Flg, C11

Closure oacuns at the middie of the prosencephalon ( 1), Flig, €12,
It then proceeds towards the stomodaem (S ) and the mesencephalon,
Closure also otcurs at the level of the fifth somite (6 ), In the
reglon of the otla veslcle ( & ), ond proceeds caudally towards the
ferior neuropare , and In a cephalic direction as far as the caudal

pos
end of the rhombencephalon ( 5 ),
The Neural tube Is completely closed over the prasencephalon ( 2 ).

Closure 1o the middle of the messncephalon ( 3 ) results In the
farmation of the onterlor neuropore. Fig, C14, CIS,

Closure to the caudal and of thi’mesencaphalon (4) closes the
anterlor nevrogore,

The raof of the rhmhon«p‘ulm remains thinly covered, making

clcuqn(wn the rhombencephalon Incomplete, Flg, C16,C 17,
With the thickehing of the rhombencaphellc roof epithelium, the

neural tube closss completely In the head regien. Fig. C18, €19,

With clawre of the posterior neuropore , neural tube closure s
complete over the teil, : '




1.

2,

3.

4.

.
#

-that of the cranlal reglon.
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TABLE 83
Stages of tuming of the embryo

Ndyctstc"rﬂnqhtw,m.mbqommms-thcpodhedy )
configuration with a cencave curvatyre. The hindbody lles In  ™:..
the some plone as the head. Flig., C11,

The embryo begins to tumn Its head In o ¢Iockwln direction, with
the cranial axle slightly out of 1ine with the caudal part of the
axh. Fig. C12.

The axis anterlor to the mid=trunk reglon b.glm to follow the
rotation of the head, untll the cranlal axls Is at a right angle
to the hindbedy. Flg. C13. -

The caudal part of the axls, which begins to twist slightly hm
the cranial reglon has completed s 90° rotation, continuss to
tum Ine cleekwtn direction. It will complate its tum later then }

Th-MIponlmdthouthlomlh”'m,nMQh
embryo now pomesses a C-shapad canfiguration, with ¢ convex
ourvaivre. The Intsrior of the curvature 1s Hhe ventral wriace of
H\-mhye the axterlor the dorsal surface. The tall bud continues
fo grow and hdahonmbmunhﬂmo!#dmw :
and anterlor axls, Plg, C14, C18, Cl4, - ‘ !




8. Log=iInsar A;wlym
" The morphologleal data obtalned wes statlstlcally examined

using a BMD computer program for log=inear analysls. The program places
the data, categerized by saveral varlables, Into a multiway frequency table.
The analysls fits a model to the obesrved cel! frequencles. The final model,
describing the relatlonships among the varlables, Is cbialned after all the
veriables are tested and ordered for sign!fleant Interactlons, Each varlable s
known as @ maln effect, and the different Ineractions are formed by consequtively
satting these effects squal to zero, and noting subsequent changes In probabllities, ‘
The mode! Is known as @ hisrerchlal one because any higher order effact s
mm-cnly i the composite law‘r order and maln affects are Included In the

mods! s wall, To llustrate this oncept suppess, In the study of the poslble
Interactions among 3 varlebles Ilsted A, B, C, D, end £, a Thind order medel,

- ABC, Is found 1o be a slgnificant interaction, This Impiles, due to the hlerarchlal
neture of the wnalyss doslgn, that ll the seeend erder offests ( AS, €, snd AC)
ond the waln ofoats (A , B, and C ) which are subseh of the hird order model 7
e M‘knly Included = slm!ﬂﬁt sontributing fecters, Thus, emeng all B
penible interactions of the 5 varlables, ene third erder Interwation (ADC ), 3

* woend ardar ltroetions ( AB, IC, @nd AC), and § main effeets (X, B, nd C )
ore found to be of dﬂ"ﬂmn ond weuld be uimd for thelr relative Impartance. .
" The eall fraquaneles are analysed by olther.a goathomvol=TTt or « |Nelthoed retle
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chi=square test, The (lkeithead ratle *'ls used for r-mhd models, a1 the

partitioned eHacts are net add!tive under such emqﬂﬂm vting the

goochew-of-fi x*
To sereen for signlficant Interactions with which to bulld a

N

final model, tests of partlal and marginal assoclatlon are wed. The partlel
nliloumlon tests the eMect of setting an Interaction to xero on the full model.
For mﬁmph, a il third order model ABC Is fitted, and then the tame model
Ts flired again with one of the Interactions, 1.6, A, st to sero, The
difference In the tests of 1t determines the relative contributlon of AB,

Marginal amociations are determined by setting up. frequency
nbmig« the lower order Interactions of o higher order mode!, Agaln, Ina
thind order model ASC, sach of the two-facter Interactions ( 1.0, AB, BC, and
AC ) ls separately analyzed by a-twd = way tabla and the refative Impertance of
euch Interaction Iy ;khmhod. The teshs of MM anclation we equal te
these of the partiel amoctation for the maln efects end the Mm order Interaation,
Significanae for both the teet of margine! mhﬁm and the test of mk&
u«hﬂm Is the arlterion mod to dlmmlm the slgnifieent Intereations hvelved
n uhblhhm . mdul. : ‘ » |

 The Minel medel s the sombination of all slgniflennt Invoreetions
nesded to siMflalently sxplain the date. For-example, f the medel chesen |y
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(AC, 8C, D), then AC and BC are two significant two=lactor Interactions, and
\

D Is a slgnifleant main effect not Included In the givan secend order Interactions,
remembering that the maln effects A, 8, and C are alio Included os sign/ficant |
factors In the above model, The model 's then tested to Insure that the combination

of Interactions s Indloatlve of a good representation, agaln uing the two chhsquare

fests,

6. Histology
After rating the embryos, they were prepared for axamination with

; . the 1ght mlcroscops. Dua to the large number of embrycs collected, only a 0
| reprasentative sample could be sectioned, After a 24 hour fixatlon In Bouin'y,
Q ) the .N' 09, aﬁd D10 smbryos ware transferred to 70% alechol for at !mt one wewk |
#f -+ " prlor o being ambedded In paratfin, Serlal transverse and frontal seations were eut '
:3* 1 at 7 ji , dehydrated, ond shained with Erllch's Haematoxy!ln ond Bceln Y, Elght :
3:* ° mﬁyn from both the mutéht and the nonmutent cromes, freated and conivel, ,
}; were exomined at eash of the six gestattonal ages observed. Although lall the cromes
{ f‘“ wore examined, 1t was net pouslble to study all;vh- *ﬂ_cﬂoncl ages for each crom, e

i

" Toaveld blasing the date, the Identlty of the histelegleal maberlal was net known :

S S

at the time of examinatlon, Mibetla Indlces were calaulated for the cephalle n.lg /

(of the newral tube, with the Index determined as the number of mitoses per one
hundred cells. Mitoses were scared mnu' metaphases, anaphases, and telophases,




but not the prophase stage , which cen be difficuit to Ident!fy, The area covered

‘wes bounded by a one square centimeter grid, placed In the syeplece of the |ight
mlo'rueop ; ond examined at 1,000 X magnification, Every fourth sectlon of the
cephalle ( brain ) reglon wes counted, and the mean mitotic Index wes defined
08 100 x the ratle of the mean number of mitoses / grld (emz) to the mean number
of oalls / grld (em?), Thc mean mitotic Indlces for the neurcectoderm and the
underlying mesodem were calculated ‘seporately. x '

7, Protection with glucese

One offect of Insulln Is to Increass the storage of glucose , m;% )
glysogen, In the Iiver of the reated femals. The decrecss In the blood glucold~. {
concentrations results In hypoglycemia, a tronsltory condlilon from which the :
onimal spontaneouly resovern by six hours after the Insulin treatment. The lowered /
glucese concentration dearesses the emaunt of wubatrate avallable for breakdown by
the Murboxylﬁ acld eycle and electron i}ﬂ\lﬂﬂﬂ system of oxldative phosphorylation,

The laek of gluess, by dlirupting carbohyidrate metabollsm , could be the active AP

terategenie agent aeting on the developing Huves.

| To test this, & littans were collected Mnchdh‘AmJMm
to Cib, 4454, ik, and Y malos, The A cremes were rested with 1378 1.U. A,
noept. the A x R¥/s erem, whish nu!;od 12.5 1,U./kg of Insulin, The SWV crosses
reoalved 40,0 1.V, A, Al ware trasted en DB/12 In the same menner as for the

* " dosneraspenes wark, One hour after the Insulln treatment the fomales reselved en
y




Intraparitoneal Injection of 30% glucxe disclved In dist!lled water. The volume

administered was based on the hedy weight of the mouwe. The famales were
wicr!fload on D18, ond the |liters were examined for resorptions and malfermations,
.The frequency of exencephaly was scered as the number of exencephallc embryes
per Ilve embryos, o8 done In the dow=response work,

Glucess concentrations In the blood were dohmln\{:hy a Beckwlth
Avtoanalyzer miaromethod amay. Porty wb.of blood , drawsi from the orbital slnws,
wos @ sulficlent quantity with which to perform the onalysls, The blood glucose level
does not vary significantly ameng members cf on Inbred straln of mice ( Smirthberg
ond Runner, 1943 ). The matemal genotype of all the croeses tested wos elther A/J
or SWV, both Inbred stralns, Therefore, It was n;t necessary to collest many blood
temples, and so the blood of four pregnant females from sach straln wes analyzed
for Mln concentrations of glucese In the bleed. Two of the A/) and the SWV females
resalved Insulin witheut any supplement of gluscse. The other two A/J ond SWV
females recelved en Injestion of glucese Qm hour after the Insulln treatment . blood
samples @nn col leeted twe houn before ;nd twe hours after the Insulfn treatment, .
In cae the bleed blleation procedurs hed been unduly siemsful, the dete sollected
!n'm these m\m‘vm#w wed In the maln snalysh,

|
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C. Results

1. Induced exencephaly; A/J dams

For the arosses Involving the A/) !omclqll, the frequencles of

tnsulln=Induced exsncephaly for the varlous doses adminlitered ere shown.Jn
Table C1. A frequency of 0% wos obtained at the lowest doss In all the crosses,
with the highest frequenay of response varying frem 14% for the AxA crom to 50%
for the AxRfA cross, The calculated |lne of best 1!t for sach of the crosses Is
shown In Figures C1 and C2. No correctiom for a spontaneous oscurrence of the
malformation were necessary, None of the data points devlated systematically
from the regresion Iines, and therefore the desage~dependent frequencles for
Ins! In=Induced exencephaly can be corrdatly expressed as a Iinear function,
The five problt regression |Ines are shown tegether In Figure CJ. It can be seen
that these regression ines may be subdlvided, bosed on apparent slope diHereness,
with the 11nes for the AxRiA m\d AnCd/* croses ( slope values d 5.17 and 8. 44,
respectively ) In m‘dmp, and the ITnes for the A x A, Ax+AS, and Ax */-b"
orenses ( slope valuee 8,13, 3,28, and 3.44) In the other. A test of parallellim
was parformed on thess flve cromes and the slgnificent “C* value sbtalned
( X™ 13,382, éf = 4) Wdlcated the problt regression Iines dld net f1t a commen
slope. A test of parallelism on the regresalen |ines of the mutent ( A xRIA, MCl/f)
roms Indloated these [l ool be fited to @ sammon ilope ( X =0;041, |
dimijm), Amllopwnduobmﬂodh;ﬂnmlmllmdm -
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nonmutant { A x A, A x 1!-/-*Rf s Ax -0-/~i-Cd ) crosses agaln determined by o test of
parallelism ( ?’JC'l “2,296,df »=2;ns ), The common slope value for the
| regrassions of the mutant crosses was §, 261, and 3,324 for those of the nonmutant
crosses. A summary of the common and Independently Fltted slopes for these problt
regressions Is found In Table C2, and the tests of parallellsm are seen. In Table C3,
{‘ The problt regression Ilnas for Insulln=Induced exsncaphaly In the
A/J crosses Indlcated an Interactlon, Signiflcant slope differences were detected
betwean the mutant and nonmutant crasses , with a commen tlope fltted to the
regression |Ines within sach of these two groups.
The EDsp's ware cclcuiahd, and are also shown In Table C2, As
all ithc Iines are riot parallel, the EDgy'a can be compared only within the subgroups,
" which do flt o common slope. The A x Rf/+ crom axhibited an EDgq of 10,724 1, U, /g,
moking 1t more ensitive to treatmant than the A x Cd/+ cross ( EDgq = 14,497 ),
Among the nonmutant crosses A x +/+", with an EDISO of 18,733 LU, kg, oppeared
more suscaptible to Insulin - than alther A x A ( EDgy ™ 25,145 ) or A x 4, 4Cd

(EDgq ™ 23.882 ). The differences were small, however, suggesting a simllar ‘

u

senaltivity to treatment,
2. ‘nduced exencephaly; SWV doms
Por the cn:h using SWV females the dmgo-dopondc'nt frequencles
for Insul In=Induced “M“A\Kﬂu shewn In Table C4, Although 0% frequency
s \ -

v y




ED4's and Common & Independently fitted slopes of probit regressionsfor HWMHA/J“W“

comirained to porolieliam

TARE C2

independenily  fitted

Croms Y inlercept slope

AxCdA- -1.139
Axy/sd 0.317
AxRE/s - 0.409
Axy & 0.737
AsA 037
SWV x CdA  -2.650
swv x+554 0,182
WV x A  -2.387
swxy® oz
SWVYxSWV  0.511

5.26}
3.34
5.261
3.324
3.324

5.1»
2.7¢%
5.12
2.7%9

2.789

Y inlercept slope +5S. E.

- 1.3¥9
0.3%
-0.326
0.623

0.50

-3.153
0.034
-2.0%0
0.096

¢ 5.440+0.156

3.284 + 0,410

5.1 +0.095

X
>

3.440 +0.254

3.129 +0.546

5.475+0.154
2.875 +0.274
4.898 +0.182
2.869 +0.224

2.630 +0.164

(m’ . 99% Rduciel Hmits *

14.997

12.941 wo 17.623

" 18.41 50 29.253

9.985 e 11990

15.00 o 32.007

16142 vo 54. 248

o

28.892 30 33.75

2.614w0 8.V

27.246 50 32.954
0.2 w» 2.9
11.793 50 47645

3
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Tests of Peraliallim; dose-response data

Cromes Saurce ¢ LH
A1 mutent poralielin ‘ 19, 882¢ :
ond nenmutent ‘mmhy 4 = 17.676 o
totel 18 3.2 S
A/Js mutent paraliellm 1 0.06!
" heterogenalty é 9.4664 \
roral 7 9,728 |
A Ju nenmutant lellém 2 2,296
Wy 8 8,012
ol 10 110,308 :
2. SWVdoms | s
SWV1 mutent Hollen 4 .97+
end nonmutent mo‘pmhy 18 ‘ 9.0 [~
o “tohal e a1, 800*
WV muent mmw ) g;;}
. / m | .
totel : 7 2.992
SWV1 nenmubtent fol lom . Q 0.158
| m:-pmhy ’ : 6. 291 ®
ol , g ) 6.389 .
" $ C“ i s nw [
(. r : .
g ! ‘ \
* S ' o \
e x-;“. .: 1 . v
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wae never obtained, the imallest dose glven did yleld low frcquanefn. The
range extended as high o 84%, for the \SWV x R¥/s croes, while for the other

crosses the highest frequencles were less. As with the A/) crosses, I was diffleult ; ‘

to obtaln very high frequencies { > 809 ) . since Increasing doses drastically
Increased the. proportlon of 'fomcln weeumbling to the Ic*}al effacts of the
Tnsul'n treatment. Though the SWV were not qulte cs susceptible as the A/J
females to mortallty from treatmient, the rate still approached 50% at the highest ) -
dose glven (40,0 1.U./g). In the A/J fomales the highert doss tested |
(13,75 .U, /kg ) killed aboyt 85-70% of the females treated. It should be noted
t}adi,:vhﬂc the frequencies at the highest dose aJvo.n were the highest one could ' i
Am?ly obtaln, problt cnalyu{t won’u best when the respense fnqu,nct« are |
evenly dlmll;uhd around the midpolnt ( 50% ).‘ The large ﬂduclal'rl!mln for

the eu‘lculclnd !D;o;a for both the A/J and SWV croses Turther reflect the

violatien el/ this design. Wu although one of the condltlons of the

analyshs was not properly met, unless systematlc deviations of the data polnts from

inearity eccurred, there wos enough flaxibllity In the analyshs te warrant Tt we.

1 how bean noted previeuly ( section8.3 ) thet the respenss fraquencies ore

~ walgived In proportion Mhﬁplonhcfﬁdmﬁ.’ Therafore, toov;rm ‘
the limitatien of ¢ narrow freqlency ;-n.l. larger numbers of embrycs were collected
Induaing very low (& lmwv«m,a ( 2 80% ) frequencles,

\g.td!t to these froquency vnl’m. d
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' TABLE C4
insuiln desage response date) WV dems
ne, of total - % numbero! . %
(irbors Implents resorbed embryos  exencephaly ;
B 101 “ N n
¥ " n 8 53
7 ” » 8 3
0 . s 7 % 7
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The caloulated problt regresslon Iines for the crosses with the
SWV females are thown In Figures C4 and C3, Correctlon for a spantansous
frequancy was not needed and systematic deviations from |Inearlty were net

detected, The vao regression |Ines are shawn togather In Figure C4. Agaln the

. regrension {Ines for the mutant crosses ( SWV x Cd/+ and SWV x R{/+) seemed to

have o different slope than those for the nonmutant crosses ( SWV x +/+Cd,
WV x */#", and SWV x SWV ), A test of parallellsm on the flve |ines
Indleated that 1t was not poslble ta fIt them 1o a commen slape ( X‘ »21,97,
dfwd), The mmden I1nes a’ the mutant rotes did fit o commen slope of
5122 x* « 0. 47? df=1,ns), and these of ﬂw nonmulant erosses were [ltied
to @ common slope of 2, 769 ( f -o.m, df=2;rs), The common end
Independently flited slopes end the auseclated tests of paraliellsm for these crosses
ere found In Tables C2 ond C3, | ‘
" Agaln, en Interaction was Implled frem the nonparallel (ines for
the dese=raspense eurves of Inwlin=indused exansephaly, The pr;blv regreulen
Hineu for the mutent sresses fitted & commen slope that was slgnifisently d!fferent
from the ummn slope for the preblt regresslon Iines for the nenmutent eresses,
As the lines de net all pessens ﬂn:ﬁc tlepe, the EDgs's may be compared enly

within each of the we wb'mp The WV x If/+ srou had en [0y 0f 27,841

LU. gy the RDgy of the SWY x Cd/*m was 30, m. Among the nenmumr
wromes, the EDgo's were 42,821 ( SWV x SWV ), 51,207 ( W' oMy, and

\
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53,987 (SWV x+454), Asdierenees In the 1Dy values wlthin each group
were small, end the large Mduclal |'mite deeresse the rellabliity of m.i-

estimates, 1t can only be stated thet the relative reactivities were very similer -
for all the crosses within eueh graup.
3. Analysls of the shelined skeletom
d The embryos from the SWV arosses were ullo/c_njdo D10 1o
jr allow for alearing end saining of the estifled skelstons with allzsarin red §,
Saining of the ecartilagineus skeletons of the embryes from the A/) females
i © (ealloated on D14 ) had boan unwuesemiul. It het bean mentlened earller
" :“\ ) (nﬂfm A.d) that emiiryes hateresygows for the mutant genes Cd or Rf will
ﬂ@ oxhlblt vertalral or rlb anomalles, nmarlw;ly. Furthermore It was knewn thet
% T ln induees fuied ik e ( $mithbarg and Runner, 1963). n the e
A;q of thess experiments hetereaygeut meles were eutcrossed 1o Inbred famales te
1% tiudy the*pesaible Interaction of a single gene dese ond o teratogen In predueing ¢
kplmonpy of the homenygows mytent uﬁn. Littory ullom: from the mutent

arosses will sonalat of 50% hetereaygous and 50% wild=type embryes, If there ls

te be an interastion between the gene and the lerategen ene weuld sxpest many

of the exencophalls embryos froin the mutent sresses' te alse sarry the mutent gene
and therefere display « vartebral or rlb malfomation, As the fnsiin treatment never
predussd 100% resperse frequenay, there will be seme mutant eerrying emiryes




«  thet are not exencephalla, Also, sice the treatment did Induce exencephaly

In the nonmutant crosses, there will be exencephallc embryes that are free
* of rlb or vertebral malfommations. Ovaerall, however there should be o greater
proportion of exencephalles with dealetal malformatiens In the mutant crosses If
one Iy to MIm o relatlonshlp beveen gene and teratogen,

ﬁ The control {liters were examined for skeletal abnormelities,

‘Tha results are presented In Table C3. No abnommalliles ware detested In the
embryss from the nonmutant cromes, 30,7% ( 23/73) of the embryos from the

S SWV x Cd/* eron had malformed vertebrae. These varled frem small to fused or

missing centra, and oceurred In the lumbesacral and caudal reglons of the | | .
vartebrs! column, 35.0% ( 29/81 ) of the mbryos from the SWV x R erom

oxhlbited missing or fused rlbs, No othar mallormations were noted In these

oresses, ond the malformations mn' oxprened Mulm In the same manner as
within the mutent Inbred strains, Since ene weuid have expested 50% of the

ombryos frem each of these mutant arones to possens tkeletal malfermations, the
V. lewer frequencles obtained could be due ta Incémplate expression of the genes,
sl altheugh the petential of the staln te elueidate lkloh‘ml shructure must also be i
questloned, ] %
5;. ’Ngnt the-D18 embryes from the dm:mponu study were oxamined

for dislotal malformations, The results are seen h Table C4, Vertebral malformetions,
compesed of small, Imegular sheped, fused or mlillu weral and euudal cenire, were
found enly In embryes from the SWV x. C4/s srow, Fuked or missing ribe-were seen

1
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' \, TABMLE CS k
frequency of vartebral and rib malformations ameng D18 control embryos; SWV doms
total lve na. embryos wlith no. embryos with rib |

oross | ombryos vertebral malformatlons! (%)  malformations (%)

WV x Cdb 78 29 (30,7) . ’

SWVix y/aSd » - ; -

SWV x RA ] - ¥(3.8)
- SWV u oV T - -

SWV x twv ] - - |

/

1 mmall, fused, sbnemally shaped, end miming eénive
2 fused end mining ribs n R




TARE C6

j&!’[lq’gig%rr%tﬂ SWY duss

lﬂll“'

° mo. embryes with
‘tltrlz -’Llrﬂz
totol five ool 3
SWv xCah® T8 22 % =4 RS WOy 0.3 22D
: {§ »6 - 54 15.9 - - @29 10.89
S LT m 15 ».0 - - omn snen
- - S :
7 o - -
gﬂt‘h 372 »n & 8.5 - - nen 2.7
swvxsw® 3In 276 % .8 - - 0.8 36m
«p £ 05
1 swofl, fosed, chwormally shoped, ond wising contve
2 fused and missing riks
3 % = no. normeol with molfossclion/lolol no. sosmal
4 % =no. with solfonsation/iolal mo. exsnceplalic .
5 onslyzed by X
6
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In all flve romes, with @ much higher frequency In the SWV x i!!ﬂ- crom,

The ratlo of axencephaile/normal ambryes wlthout the speciflc malformation
was aompared to the ratle of cxan«pha!l;/nomql embryos with the skeletal
malfarmation for each crom to determine If o preponderance of exencephallcs
with rlb c; vertebral abnormallties existed. Two-way fablnn were constructed
ond analysed by a X tost of independence of by o two~talled Flsher's exdct
m! ( $olwl and Rohlf, pp 583). Only the SWV x Cd/r cross ( I = 45, 44,
df = 1) and the SWV x M/v oros ( x* w42, 50, df = 1 ) ylelded a stgnificantly
higher frequency of maiformations among the onnonphallc cmbryoi&vc Swy

x Cd/+exnencephallc embryos had a high frequency ( 61.4% ) of small, mising,
fused or abnormelly tbcpod centra, and the SWV x R!A exencephallc embryos

a high frequency ( 63.7%) of fused and mluing rlbu Overall, In the SWV x

_ Cd/+ orom 29, 2% ( 99/338 ) of the embryos had vertebral malformations , a

fraquency which dld net dIifer slgniflcantly from that found In the control ambryos
(X“w 0,077, dl 1), Tha SWV x M- crow had 36,9% ( 128/044 ) of the
ombryos exhiblting rib malfermaticns, agaln, a frequency not significantly
diffarent from that saen n the contrel [1tvers ( % = 0,060, df w 1),

u.m (34/340) of all the embryos callected from the SWV uw:‘
oross were ouonuphclla. For the SWV n*ﬂ” aross, the averell Inqucnoy of
oxencephaly wae 18,5% ( 69/372), It wee fhmfm consldered that a certaln
proportion of the exensephallcs from the mutant erosses were of the wild=type




~ genotype. The frequencles from the nonmutant crosses were used as the true

peroentage of wiid=typs exencephallcs present In the mutant crosses. The

tests of Independence were subsequently recaloulated for the mutent cresses,

this time adjusting. the value for the number of exencephalles without an
osoclated malformation by subtracting these percenteges, For example, In

the two -way table for the SWV x CdA croms, the nuig\\bcr of normal embryos
without vertebral malformatlons remaing the same ot 202 ( 242+40 ), but the
number of exencephallcs witheut vertebral malformations, pm:lolnly 37 (96-59 ),
now becomes 31 (. 159 % 37 = &), For the SWV)RIA arom the correction
Involved sublracting 9 (183 x 49 ) from the 49 ( 135 - 86 ) exencephallos

that did not possess rib anomalles. For the SWV x Cd/+ crom the new Ia' value

wes 70.74 (df = 1), ond for the SWV x M/ crom x* vas equal to 77,68

(df 1), both highly slgnificant ot the 3% probablllty laval.

. In addition to the SWV x Ri/+ crom, rib malformations were detected
at ¢ low frequenay ( € 4% ) In all the other cromes, Although none.of the centrol
littare Ca\thlblfld ‘r;b uﬁgmllw ond Insulin cdmlnhmﬂo‘n has been omeclated with
the Induction of rib malformations, twe=talled Fisher's anact tests Indh;cnd thet
the frequencles of this aceurrence were net signifleantly different from the control

values, , -




-

Therefors tho examination of the skeletel structure of ﬂu
treatéd smbryos !nd'uhi that & n!gnlﬂunﬂy higher frequenay of mnuphutlc
omhyu In the mutent cromes possessed rib and vertebral malfermations, the
expression of the mutent genes. |

4. Resorptlon dota; A/ dame /

The 'nqme;u of mﬂem l'hc v«hfoua dosns of Ineyl in .
dn!nhmod to the A aromes were also fltted to mulght {ines by preblt analysls,
The problt rquulen 1lnes, with the data polnts for the flve cresses, are seen )

“ InMgure C7, The frequency of nmpt!m, taken as the number of | nmtf&-
. per total l::/mh, at any glven dose 1s shown for the ﬂvn grones In Table C1,

To obtalr the InsulIn=Indused frequencles for rerorption , these values were
comected by removal of the spantaneeus frequeniay ( Finney, 1971 pp. !25 )

- before the best fliting |ines were uhukmd. The spontenecws resorption
frequencles for the ardases were dm_m'md frem the centrol |itter collected, end
are shown In Table C7. o o

The Inaulin=Induced reserpiion regremlon Iines, as seen in flgwe C3,
oan be mm?volg swhdivided, bused on dlope diMerenses, Inta the mutent end
nenmutent cremes. The test of peralleliem Indleated thet all flve probl? regression
Iines ceuld net be fited 1o & sommen slope ( = 20,196 , df = 4 ), but that the
wbgroups aeyld, ﬂ\‘ﬁﬂb'\fmlfhmﬂmf gromes (A x RIA ond A x Cd/e )
Mited ¢ mqucﬂ.'ﬂ‘! ( 1" ® 0,008, ¢f = 1) ns ), while those of the

At
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TABLE C7

spontaneows resorption data; A/J and SWV dams

O O™

no, of
resorptions -
l
1

p
mm YIIIIH
‘S
MM eeeee

crom
1. A/Jdoms
A x Cd/+
Axwm
A x Rf/+
Amm
AxA

o~

10
n
9
8
7

S8REE

10
10
10
10
10

8
T

SWV x SWv




nonmutant cromes (A x A, A x +/+%f, and A x +/+C4 fitred a common slope
of 3.866 ( Il = 0,799, df = 2; ns ). The cominon and independently fitted
slopes of these lines, and thelr corresponding tests of parallelism are found in
-Tables CB ond C9.

The EDgg's within each group Indicated only small differences

In reactivity. The A x R/ cross, with an EDgg of 11.164 LU. /kg was slightly
more sensitive than the A x Cd/+ crom, whose EDsg wan 14,462, In the nonmutant
cromes the most sensitive cross was A x +/+C4 (18,872 1.U. Ag ), followed by
Ax +/+R (20.246.U. kg ), ond Ax A (23.604 1.U./kg). Agaln, due to
the ulopoodm.mea. EDgqy's connot be compared between the mutant and
nonmutant crosses. The large fiducial limits again reflected the lack of data
pfﬂgebwhm”“plm,aatmtfmﬂm“mdowmmh
m frequencies were removed from thuvohnmd frequencles, lowering
the values for the induced response.

Thus, the significant changs In slope value between the mutant
and nonmutant cromes Indicated on interaction, with the embrycs from the mutant
cromes Interucting with the drug fo resorb by @ mechanlsm uhlque from that of the

AN

treaied nonmutant cromes. -
W‘mdﬂw SWV dams ‘
mmmuummhnnmm
SWV duse aie shown in Table C4, The insutin~lnduced ressrption fraquancies were
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TABLE C8
EDg,'s and common & independently fitted slapes of problt regressions for Ineulin-induced resovpticns in A/ ond SWV erssste?
constrained to parallefism ~ independently fitied | - ;
cros Y intercept.  slope Y intercept  slope +S.E. ED, 95% Fiduciol fimin
: _ 0.5 53
& AxCd/+ -1.6% 5.725 - 1.807 © 5.867 +0.098 14.462  9.2371020.883
A x4/ -0.072  3.866 -0.697 4.466+0.198  18.872 7.208 1o 28,091
A x Rife -0.995 5725  -0.929 5.657+0.145 1164 9.3Rec 1788 |
A'X V+Rf - o-m 3-866 o.m 3.”' io. 247 m.w !!.‘”b ulw . i ‘
AxA -0.083  3.866 0.9 3.2794+0.140  23.604 1LAR 02768
\ - e T
SWV x CdA4 0.524 2.621 0.546 2,605 +0.196 51,237 42,946 10 &0. 785 U
sWwyxi/44  oms 2.2 0.124 2,616 +0.3%  63.0333 6. 747 0 AIB -
SWV x Ri/+ 0.444 2,621 0.341 2.692+0.194  53.798 _  H.ASwT2E5
swxp™ 023 2.62 -0.236 2.9 4+0.252 . 61195 8. 7Br0@.0
SWYxSWY 0,382 2.621 . 0.732 2,356 40.262  64.832 95,42470.60, 705
1 corrected fonpmmou frequency
@ i
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calculated by removing the spontonecus frequencies, determined from the control

litters and shown in Table C7. The insulin-induced resorption frequencies were

-
subsequently fitted to probit regression lines, shown in Figure C9. No systematic
deviations from |inearity were indicoted. | Figure C10 the five probit regression

lines are seen together, and a test of parallelism fitted the five lines to o common
slope of 2,621 { X =6.274, df = 19; ns ), varifying the appearance of parallelsm.
As no interaction was indicated, the EDsg's for the flve crosses could be compared
for thelr relative reactivities to the treatment. An 5050 value of 51,237 L.U /kg
made the SWV x Cd/ cross the most sensitive, followed by SWV x REA ( 53, 798),
sWV x+/4Rf (61.195), swv x 459 (£3.033 ), and SWV x SWV ( 64.832),

the most. resistant of the crosses. Hm;m, the differences among the values were
small, Indicating a simllor sensitivity 1o treatment. The large fiducial 1imits

reflected the Inability of the frequency range fo extend above the 50%: polnt.

8. Common slopes: A comparhson of:the calculated probit regressions ¥
From the [lst of common and independently fitted slopes for the S

£ ’
&

tnsulin=induced waphulygd resorpiion probit curves it became of interest to .
determirie which subgroups of curves could be fitted to a common slope. Comparisons
ware made only mmong crosses with the some female genotype , that &, the regremsion

"line for @ crom with on SWV famale was never tested for paralieliam with the
: \
regression |ine for o crom with on A/} female. Different doses were adminlstered
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0 o fonéhoiﬁioutwomofm,mdﬂnealtculmdm!ml!nahold
trus only over the given range of dom As mentianed pnviouuly (ssction B.3),
extrapolations of the probit curves casume that the Lmdmon of ITnearlty prevalls
beyond the given dose rangs. As lt could be poatblo for @ nonlinear situation
to arise over o different set of doses uwlmfm are on @vcl id procedure,
violating one of the basic assumptions of the analysls . 'Thonfon, as the crosses
involving the A/) females wers treated over a different dose ronge than that of the
SWV cromes, any analysis for parallelism was restricred to within each of the two
groups of crosses. Th-\ma of parallelism-are shown In Table C10 and are
summarized os follows:

" t. Croses whb A/J) doms
‘ ﬂnmlm!bmforﬂu!nduadmapholym&thommt
cnmudﬂnmfm l!nuformbmpﬂa\dumdﬂumumtmmn
r ﬁmdhumslopo()f =0.545, ¢ =3;ra). The regremion lines for the
mmwm-mmdwlmdmwclnﬂmdhacmmdm \
( I = 10.639, df = §; ns ), that was significantly different from M for the

% Wm;uhd'cahdbyﬂ\lMﬂ"’vhﬂfo"ﬂ\.mfmmddw-
response data to cne comman slope (X =30.908 df =97,
2. Cromes with SWV dome
The regresston lines for the.resorptlon and doss-ressnse data of the
. meudm»uulkummnﬂhﬂmﬂf;a cnmm\s!opo(ll=40.669,
e h;d‘ﬂ). mmtmthufumﬁupﬁ;ndmfthmfmdmmw
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TABLE C10

o teshs of parallelism; analysis of the calculated comman slopes for the hduad
. maﬂuly(dm-mpmu)mdmphm

Croms sowrce df SS

.
" 1. A/J doms

~ mutont and normutant parallelism 9 30.905*
A/] doss=response data, heterogeneity 2 22,354
mytont and noanmutont ,  total 37 53.259*
A/) resorption data . J

!
mutant A/J doss~response  paralielism -3 0.546
data, heferogensity 12 11.821
mutant A/J resorption total R 12,367
data
nonmutant A/J dose- porallellem ~ 5 10.639
’ response data, hahmlfy 16 10,533
nonmutant A/J resorption total 2 21172
data )
2. SWV doms .
mutont and nonmutont porallelfsm 9 40, 669"
SWV doss-response data, heterogene ity K )] 14.308
mutant and nonmutant total » 54,977
nonmutant SWV dose~respanes porallelm 7 1.043 )
data, mutant and nonmutont homhy A 11.787
resorption dota 3 \ 12.830
mutant SWV | 0.471
dose~response data mnpﬂly é .50
( Toble C3)° -7 2.992
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( 1 =1.043, df = 7;ns),ondfhk common glope was significantly different
from the one calculated for the regression limfavhodon—mponsﬂofuof
ﬁnmu?omm(r =0.471, df =1; ns ).

7. Analysis of the morphological data

Exencephalic embryos were not detected among the D8, D?,

and D10 embryos obtalined from the control crosses. Upon collecting the D8,
D9, and DlOomb_rya from trebted females for morphological examination it was
noticed that, for the A/J cromes, the frequencies of exencephaly were higher
aﬁmqﬁmunhyufhmmgfhoDMmbryoscollochdmmmdou
for the doss~response study. This situation did not exist among the SWV crosses.

The frequencies of exencephaly among the morphologlcally rated embryos from
the SWV crosses were very simllar to thoss oblalned from the dose=response work
( collected on D18 ). The frequencies of exsncephaly for the morphological and
«nmmr«nnmmmm‘&&;'m. For the merphological
data, the frequency of exencephaly was determined as the percentage of affe
embrycs per total implants. Tolul friplonts were the sum of the number of maturing
embrycs and the number of resorptions WMMMWM.
hmfﬂmﬁcmhwkm'w,hm“.hmhd

- a placenta. Exencsphalic embrycs wers scored ot collection: Hmes D9/12,
D9/18, and D10/5 but not af the eariler times ( D8/12, D8/18, and D9/6), o it
wos felt the matfenmation could ba wisquivacatly detected anly by D9/12.
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TABLE C11

Fisher's exxict test; A/J and SWV doms, a comporison of the frequency of exsncephaly

for the dose: ( collected on D14 ond D18 ) and the morphological dota ( collected
en D9/12, D9/18, and D10/6 ).
crom % exencephaly . two~talled,
dose-response data! morphological data probobility
( exancepholicy/live embryod (exsncaphalics/total Implontd
‘ AxCih 33.9 (18/53) 57.7 (%0/52) 0.019*
Ax i 13.1 (10/76) 35.2 (19/54) 0.005*
A x Ri/+ 58.0 (29/%0) 76.4 (42/55) 0.060
- Ay 2.18 (12/35) 5.5 31/%) 0.001+
AxA 14.0 ( 7/50) 46.7 (28/60) ~ 0.0004*
SWV x Cd/* 73.2 (41/56) 73.8 (62/84) 1.000 -
swvx s . e 08/5 40.7 (35/86) 0.588
WY x R+ 84.2 (4/70 8.7 (78/%0) 0.665
SWY x X ®.7 (4/62) 31.9 (29/91) 0.93
SWV x SWV 46.8 (29/62) 5.8 (43/23) 1.000
*pS 08 -

T from Tobles C1 and C4
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Therefore, the numbers shown were the tofols obtalned by combinirig the data
trom D9/12, D9/18, and D10/6.

Using a two~talled Fisher's exact test it was shown that for the
A/J crosses, the frequencies of induded exencephaly from the morphologfcal
data were significantly higher than the frequencies obtained at the some dose
from the dose=response data. This significont difference was found In four of the
cromes, ond the fifth crom, A x R, hended- fowards a significant Increase
In frequency (P S .1).

Two~tallad Fisher's tests dld not reveal significont differences in
the ﬁbqu;ncia of induced exencephaly between the morphological and dose-~
resporee data for the SWV crosses. 7Tho results of the Fisher's tests are aiso
wen i Table CI1.

n addiﬂc‘n lo the discraponcy in the frequency of exencephaly

between the morphological and the dess~response data, other points of interest
were noticed while scoring the morphological hlef cf the treated ond

unireated smbrycs during the period of neural lubs closure. Many of the D9/12, -

D9/18 and Dld/é embryes, ecsily distinguished as nomal or exsncephalic,
axchibited vnusval hlmbr In their tuming pottern. The embryo normmally moves
from on § to o C-shoped configuration on days § ond 9. . Some of the embrycs

v
*:\3‘. 2




demonstrated- delayed tuming in that the tuming process wos still not

completed by D9/12, although most embryos have completed tuming by
D9/6. However, the actual configuration of the body shape was not
contorted. Other embryos did possess an abnormal body shape. The tumning

process, difficult to assess as incomplete or complete due to the unusual body

configuration , had resulted in a twisted or kinked appearance below the area
of the heart ond forelimb buds ( referred to In this study as the hindbody area).
The kinked appearance sometimes extended to the tip of the fall bud, and
waiﬂghly varicble In expression. The abnomal hindbody shape was always
found in those embryos that were exencephalic. Furthermore, these exenceph-
allc embryos with the twisted tuming were from the treated mutant crosses.

This condition was not seen In the aml;ryan collected from the untreated mutont

and nonmutont crosms, nor was 1t seen in the sxencephalic embryos from the
treated ncnmutont crosses. The embrycs from the tredted mutont and nenmutant
cromes that did not develop exencephalic bralns also did not possess the .
abnomal body shape. ’ , '
Among the D9/12, D9/18 and D10/6 embryos delayed huming
was also seen only In omdiation with exsncephaly. Unifke the abnormal body
shape, :’mwmmmrcgmrmw the ireated mutont
ond nonemuiont croeess.  Delayed tuming, however, wamrmn omong the
owbeyos from the control cromes. ¥ should ba rentiened that, although the

!

&
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stage of tuming wds scored for all fho embryos collected at the specified

times , delayed and uhnoﬂnul wm!ng were classlfications ued only when

scoring the D9/12, D9/18 and D10/5 embrycs. The embrys Ts only beglnning

to tum at D8/12 and D8/18. Therefore, the lack of extensive movement at

the earlier times made any judgement of delay or abnommality mufch more

arbltrary. Also, the maln aim of. the m?rphologleul study westo ‘dlhct differences
that could be assoclated with the occurrence of exencephaly. Since the brain
mlWlm could onl;« be el«n:iy identified by mid D9, the most Important
factor to note was other deviations from nomal development also appearing at

6

that time, -

¢

The breakdown for the combined total of exencaphallcs from

D912, DS/18 and D10/6 for each of the treated cromses, Into nomal , delayed,
or abnomal tuming fs shown In Table C12, The exencephallc embrycs from

the nomutant cromes, oi mentloned before, did,not demonstrate an abormal
body shape.* Alss, the frequancy of delayed tuming was considerably less
‘mﬁmﬂhyuﬂmmmmmo mutant cromes.  About one~
mldﬁhmmlemmwﬁmmtmw
mmt bady shape, whn-m'm-mqmmi.y In the tuming

.




TABLE C12

Analysts of the Wa!wl dota from the treated mutant and nonmutont crosses
into normal , delaysd, or abnormal tuming classifications.

A x Cd/+
A x Rf/+

A x V+CJ
A x-b‘i-"

total no. of

exsncephalic
embryos

0

8 B B 3R

4

no, of embrycs no. of embrycs

with homal with delayed
tunling (%) tuming (%)
9 (30.0) 1 (36.7)
14(33.3) . 13(0.9
15 (79.0) 421.0)
25 (80.7) 6 (19.3)
24 (985.7) 4(14.3)
20 (33.3) 18 (29.0)
2% (37.2) 25 (32,0)
30 (85.7) 5 (14.3)
22 (75.9) 7 (4.
3 (76.&; 10 (23.2)
o \

u

no. of embryos
with abnormal
tuming
10 (33.3)
15 (35.7)
0 (0%)
0 (0%)

0 (0%)

22 (35.5)
24 (30.7)
0 (0%)
0 (0%)
0 (0%)

v
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Both normal ond abnommal development during the process of
neurcl tube closure can be seen in the following set of photographs. The \ 5
pictures, at a 6 X magnification, represented the appearance of the treated '.%,;
ond untreated embryos at vorious times in development, co

Figures C11-C19 represent the normal pattern of development, |

ot seen In the control specimens. Figures C11 and C12 show two D8/12
untrected embryos, each with 8 pairs of somites. The embryo in Figure C11

has a lmplonly open neural tubs (stage 0), ond has not yet started to move
out of its S-shaped configuration (stage 0). n Figure C12 the neural folds
have fused In the area of the prasencephalon ( stage | ), and the cronial

axis of the embryo 1 slightly out of Iine with the caudal exls, Indicating

the Initial movements of tuming ('stage | ). The neural folds of the D8/18 ' B
untreated embryo shown in Figure C13 still have not completely fused over

the entire prosencephalon, but do indicate inltial fusien (stage |). Tuming

hes progressed further, howaver, 30 that the cronlal ax's s now at  right

angle to the hindbody, with the entire area anferior fo the mid=trunk reglon

having rotated { sage 2). - \
Figures C14 ond C15 show front and bock views of a nomal

D9/6 mbeyo. The neural folds in the reglon of ther anterior neuropore (amow, -
Figure C15) have yeot 1o fne, htduu‘oh-\ocmdww antire )
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prosencephallc area to the middle of the mesencephalon ( stage 11,

Flgure C14), The embryo has essentlally completed Its tuming, and now
maintains a C~shaped configuration with the neural ,fp/btfg;m'ng the

exterior of the curvature (stage 4'). The hindbody wiil, however, come to
rest closer to the heod reglon. Figures C16 and C17 show front and back
views of an mfrootod D9/12 smbryo. Tuming Is completed (stoge 4 ), and
the neural tube s now closed over the anterlor neuropore region. Further

to this, the roof of the thombencephalon Is covcnd with a thin epithelium
(stage V). Upon thickening of this epithellum,, the neural tube Ts completely
closed In the cephalic region, as seen In the untreated D10/6 embryo

( Figures C18 and C19). The posterior neuropore has diso closed, making

the process of neural tube closure complete ( stage VII). The embryo now begins
fo show large Increases in size.

The embryos from the treated cromes that showed nomal brain
development followed the pc‘hm of development seen chove. Of the D9/12,
D9/18 and D10/6 embrycs that were exencephalic, some developed the brain
maiformation In the absence of any amocicted tuming defect, as seen In
Figures C20 and C21. This Is a D9/12 embryo from o freated A x +/+Cd crosm.
When compared o the D9/12 embryo sesn In Figures C16 and C17, one

J




immediately notes that the Hewrol tube fs open over the entire prosencephalic
and mesencephalic area. Tho neural folds are growing in an everted manner,
which will cause the underlying brain tissue to exude out of the open surface.
The tuming procedure is normal. The embryo has tumed, end now all that
remains s for the hindbody reglon to move up and come to rest next to the

head region (stage 4). Though the tuming of this embryo Js\not as fully complete
as the normal D9/12 control embryo described earller, fhk}almf of variation
in( the process was considered normal.

& Exomples of exencephaly accompanied by delayed tuming
are seen In Figwes C22 ond C23. Figure C22 s o D9/12 exencaphallc embryo
from a treated SWV x+/Rf cross. The embryo Is at the stage of tuming ( stage
2 ) nomally seen in the D8/18 omb;'yo ( Figure C13). The bialn, which should
be entirely clased dnethe/prosencephalic and mesencephalic area ( Figures C16
and C17), hos remalned open, with the neural folds growing In an everted
manner. The 09/18 exencephalic embryo from a treated SWV x CdA crom
(anm)d\w\imddoys in the toming proces. s cronlal axis hes
only started fo move out of the S-shaped configuration ( stage 1, note Figure
C12), ;hhouoh the proces should have been completed by this thme. The open
messncaphailc area of the brain clearly dencies the embryo as exencephalic.

Thumnaphdlcnhw&m‘ﬂu treated mutant crosses that demomstrated

\
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an abnormel hindbody shape are seen In the following figures. Figure C24
Is a side view of a DS/18 exencephalic embryo from o treated A x Cd/+
cross, The neural folds have failed to fuse, exposing the inner brain mass
and, below the heart region, one.can see a slightly kinked body shape. The
somites ( arrow ) are not as regular in appearance as in @ nomal embryo.
Figure C25 s a dorsal view of a D9/18 exencephalic embryo from o treated
SWV x RfA cros. Not visible here Is the open mesencephalic area of the
brain, although everted neural folds con be distinguished. The embryo
possesses on extensive twisting and kinking of the hindbody reglon ( arrows ).
Figure C26 1y that of a resoibing D9/12 exencephalic embryo from a treated
SWV x Cd/+ crom. The extensive somite disorganization could not be shown
in photographic detall dus to the transparency of the dying tissue. One can
maintain, however, that the body shape Is distinet from the normal pattern.
The embryo shows only ¢ mild form of exencephaly, with the entire neural
tube clossd except for a ttlangular area of the mesencephalon. Figue C27
s a D9/12 exsncephallc smbryo from a reated SWY x Rf/+ cross. The hindbody
hos twisted info a totally misaligned shaps.. The prossncephalon ond M-
caphalon have remained open. The D9/12 exencephalic ombyo shown In
FWC?! kfnmn treated SWV x Cd/+ crom. This side view does not
chdymm the open neurol tube, but doss readily show the twisted

abrormal hhdbq!yd\upt"’
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To further determine if these exencephalic
Insulin freated ;nutcm crosses were phenocoples of t-genes in thelr
homozygous ca;ldlﬂon , several RE/+ x Rf4 and CdA x CdA matings were set
up and the Iitters examined ot D9/12 and D9/18 to see if similar abnormalities

were present. |t was known that the affected homozygous embrybs would start
4o resorb on D9 ( Thefler and Stevens, 1960; Morgan, 1954 ) ond also that .
only the homozygotes would show spontanecus exencephaly, so it was felt ;
the affected homozygotes could be isolated with a high degree of certuinty.
Figure C29 Is a D9/12 exencephalic embryo from a Rf/ x Rf4 cross. The
br?fn is open ‘In the mesencephalic area, and the hindbody shows areas of
twisting ond kinking ( arrows ) similor to that seen in the exencephalic embryos
from the treated mutant crosses. ngur/. C30 Is a D9/18 exencephalic embryo
from a Cd/ x Cd/+ cross which is showfng eorly signs of ruorptkn. The
hindbady of this embryo also shows some twisting. Figure C31 Is a D9/12

. |
embryo from a Rf4 x Rf/scrom. |t has been resorbed quite extensively, ond
fhoumwhrdthonmlmhofin-dtocleukmlyhhﬂyvkt&lo(cm) )

‘l

However, the body shape s abnormal, and beors striking MNMM/
D9/12 exstcaphalic embryo fram the treated mutant cross that wos also undor- g

o

going resorptian ( Figure €26 ). :
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The last three photographs are of D10/6 exencephalic embryos.
Figure C32 Is a D10/6 exsncephalic embryo from a freated A x CdA cross.
The body thape shows a defintte hist about the centrol oxls. Figure C33
s a D10/6 exericephalic embryo from o treated SWV x Rf/4 cross. The
hindbody is tucked under, instead of resting next to, the head region. The
exencephalic brain has a lorge cyst growing out of one side, a condition often
seen in the severe exencephalic forms. Figure C34 is @ D10/6 oxencophaiic
ombr;o from a treated A x+/+Rf cross showing a much smaller cyst on one side
of the open brain, and a nomal body shape,

After exan ining many embryos, similar to those shown in the
phoWs, it was felt that no obvious diffsrences existed within the group
of mutant cromes ond the group of nonmutant crosses in the expression of the
brain and, in the cose of the mutant group, the rumi;g malformations. This
was an Important factor to establlsh as Hme allowed only a Iimited number of
embryos from any one cros to be sectloned for histological examination. It
was therefore d‘ci«id‘ﬂm, when selecting the embrycs for'sectioning, lom:h
would simply represgnt @ mutant or nonmutant aou Furthermore, Initially the
only exsncephaltc embrycs from the mutent crosmes fo be exaomined histologically,
would be those wlm\m abnomal body shape. This wos m ofcwnna unique
1o the mutont cromes, and tharefore could ba a port of the”ditingulshing

feature. that would delinecte the underlying mechaniam of the Inferaction.

oo~
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Pigure C11 * Photograph of a D8/12 untreated embryo with 8 pairs
of somites. The ne@sal tube is completely open
(stage 0), and turning has  not yet started (stage 0).
nf, neural folds; p, prosencephalon. X6 -

Figure C12 Photograph of a D8/12 untreatsd embryo with 8 pairs
of somitas (S). The nedsal folds have fused in the
area of the prosencephalon (arrow, stage 1), and the
embryo has turned slightly (stage 1). X 6

rigure 1§ Photograph of a D8/18 untreatsd embryo. There is
initial fusion of the neural folds (nf) in the
region of tha prosencephalon (arrow, stage 1). The
cranial axis has now rotatad so that it is perpendi-
- cular to the hindbody (stage B). X6

Figure Cl4 Photograph of a noxrmal D9/6 embryo. The embryo has
completsd turning, and the body now possesses a
C-shipad configuration (stage 4). The hindbody will
coms to rest closer to the head rsgion. Closure of
the neural tube is complets over the eatire prosence-
phalon (stage III). p, prosencephalon. X 6 O

Plgure C15 Photograph showing the dorsal view of this 09/6 -
embryo. Closure of the neural tube has progressed i
o the -mgn. of the massnce
antarior neuropore (axrrow).

rigpn(:l& Photograph of a nozmal D9/12 esbryc. Turning has
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Figure C17

Figure Cl18

Figure C19

o " riqure C20

Photograph showing the dorsal view of this D9/12
eabryo. PFusion of the neural folds is complete
over the anterior neuropore region (arrow). The
roof of the rhombencephalon is covered by a thin
epithelium (stage'V), whose transparency makes it
impossible to be seen in the plwtograpb r, rhomben-
cephalon. . X6’

i

N 3
_ Photograph of an untreated D10/6 embryo. Turning

and fusion of the neural folds over the, prosence-
phalic (p) and mesencephalic (m) areas of the bhrain
are both completed. X6

I

Photograph of the dorsal view of this D10/6 embryo.
The epithelium covering the roof of the rhombence~
phalon {r) has thickened, indicating that the
p:ocess\of neural tube closure in the cephalic region
has been completed {stage VI )¢ X6

Photograph of a D9/12 enbryo from a treated A x +/+Cd

cross. The neural tibe is completsly cpen over the
prosencephalic (p) and megencephalic (m) areas, with
the neural folds growing in an everted manner,
characteristic of exencephaly. Ther turning proce-
dure, however, is within the normal range for this

‘gestational age. . X6

~

Photograph of the dorsal view of this D9/12 .

exencephalic embryo. Again, one can see the open
naural tube (arrow), and the evnr!:ad neural told:
(nt). - x 6

“

Photograph of a D9/12 exencephalic embryo from a
s x +4°F cross. The exbryo is at the stage of
turning (stage 2) noxrmally seen in the D8/18 enmbryo
(rigure C13). The neural tube has remained open in
the prosancephalic (p) and mesencephalic (m)areas.
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Pigure C23

Pigure C25

Figure C26

~104~

Photograph of a D9/18 exencephalic embryo from a
ﬂt\nated SWV x Cd/ cross, It shows a severe delay
in the turning process, having only started to move
out of an S-shaped configuration (stage 1) . 'mc
neural tube fs open in the fore and midbrain regions

X6 -

Photograph showing a side view of a D9/18 exencephalic
enrbryo from a treated A x C4/+ crags The neural
folds (nf) have failed to fuse, and the body has a
kinked appearance below the region of the heart (h).
The somitas have an irregular appearance (arrow).

X 6

Photograph of a dorsal view of a D9/18 exengephalic
embryo from a treated SWV x Rf/M cross. The neural
folds are growing in an evarted manner, and there is
exténsive twisting of the hindbody (arrows).

X 6

1

Photograph of a [9/12 exancephalic embryoc from a
treated SWV x Cd/+ cross. The transparency of the
tissue is a sign of resorption. The body shape has
deviated from the normal pattern. The neural tube
' 4is open in the mesencephalon (m). X 6 ,

*

Photograph of a D9/12 exencephalic embryo from a
treated SWV x Rf/+ cross. The prossancephalon and
mesancephalon have remained open, and the hindbody
possasses an abnormal shape. X6

|
I’hn\hograph of a -i% of a D9/12 exancephalic
epbryo from a treatad x Cd/+ cross. The neural

t'da is open {arrow), and the hindbody has twisted
inﬁo an abnormal shape. X 6
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riguri C29 ,

Pgure C32 |

Figure €33

-

-t has updergone éxtensive resorption.
‘the neural tube failed to, close ia slightly visible

1

Photograph of a 09/12 exencephalic embryo from a
REM x pf./* cross. ' The'brain is open in the
mesencephalic region (n), and the hindbody shows
areas o! t\d.ntinq and kinking (arm)

‘ b X6 ' \

]

L " Ba .
Photograph of a D9/18 exencephalic embryo from a
Ca M x C4/+ cross, showing ‘signa of resorption. The
tissus.is slightly transparsnt, and some degeneration
has ocpurred (arrow) .  The hin is somawhat
twitud, yielding m abnomll body shape.

/4 X6

[ * gy
Photograph of a D9/13 exbryo from a Rf/+ x Rf/+ croms.
The area whers

(axzow) , The. bolty shape is abnormal, and is strikingly
lhilar to the 09/12 exencephalic embryo from the
trehted sitant cross that was also undergoing resorp-
tion (Figure C26). X6

° )
0 i
t i ¢
v )

. Phé%oqnph of a D10/6 exsnphalic enbryo from a t:,:hﬁd

A, X C4/+ cross. The body shape is twisted about the
central axis. The brain is clearly mmphuic. »,
%mmphnon%ﬁ, prossncephalon. X6

3 . b

. Ph‘ow;nph ‘of a D10/6 exencephalic embryo from )a

‘trentad SV x RfA cross,  The hindbody has coms to
Test undar the head region. ‘mgn is a Yarge cyst
{¢) pressht on one side of the exenosphalic brain.

‘m, nnn«plmom P pmqqccpbnm

[]
¢
\ ‘ .

L]

Phovograph of a D10/6 exencephalic esmbryo from a
treatad A x ¥ cross, The body shipe is rorsal,
mmuamu (c)wmumatmmhngtn.
‘1%!’! M«; ¢
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Log=linear analysis was used to analyze the morphalogleal

data. Each embryo was scored on seven variables, which were Its cress (C ),

Its gestational age ( A ), whether the embryo was from a control or Hreated

cross (T ), Its somite number (S ), fhsfago of neural‘tube closure ( B), lts

stage of tuming (M ),.ond whothcr fho brain was oxonccpho"c or nomal ( R )

The analyils could dnly be performed on four varfables at a time, 3o the four

dependent varlables ( somite number, naural tube closure, tuming, ond

resporse ) were consecutively analyzed with the three Independent variables

" (cross, age, and treatment ). As the analyals could riot be done on all the

varigbles at once, fhc\lmmoom Interactions detected could not be ordered

for Importance. ' |
The results are shown In Table C13. As previouly stated .

( sectlon B,5) the tesis of partlal and margina) association together detemine
. the significance of any Interaction. |Any slgnificant higher order effect
\
Immedlately Implies that the lower order components of that effect make a
\

significant contribution as well, Thus, the first analysls tested qu any
Quocluﬂm omong crom, égn, mlt, and somite number vorfables. &

can be seen that the CATS effect was not sign Fﬂm;, nor were there significant
interactions mgjﬂn third order effecis CAT, ATS, CTS, and CAS, second

. order effects CA, AS, TS, AT, and CS, and-maln effects A and S. Thersfore

—
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TABLE C13
Tests of partial ond marginal assoclations for the variables of the moc/phologlcul analysls

group of ./ partldl marginal
variables amoclation . asoclation
tested’ effect probability probability
CATS CATS 1. 0000 -
. CAT 0.9933 0.9982
ATS 0.8745 0.8742
CTs 0.9365 0.931
CAS 0.8962 v 0.8714
CA 0.9423 0.9397
AT 0.1042 0.1045
CT 0.0092* 0.0097*
\ AS 0.8554 0.8562
Ts 0.7964 . 0.7899
. 0.7219 0.7263
Cc 0.0025* . -
'\ . A 0.0925 -
T o.m. -
S 0.8932 -
LY
CATB ‘ CATS 0.8726 ‘ -
\ CAB " 0,9937 0.9966
\‘ ) _ . CT8 1.0000, . 0.9994
ATS 0. 0000 0. 0000*
Ccr 0.0250* 0.0364*
Cch .0.0132* 0.0145* '
AB 0.0012* . 0, 0009*
T8 ‘ - 0.0000* 0.0000*
L o 0.0045* -
\A 0.0000* -
p T OQM‘ -
B ‘ 0.0000* -
CATM CATM 1.0000 -
o | CAM . 1.,0000 1.0000
CT™ 0.6217 0.2708
ATM 0.0086* 0.0045*
‘ CT 0.0345* 0.0431*
cM 0.0034* 0.00%9
AM 0.0092* 0.0028*
™ 0.0001* " 0.0001*
C 0. 0010 -
* Q.W -
| 1 0.0005+ -
M o.080* | -
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Table C13 cont'd
CATR

» £ .05
‘varlable

-108=
CATR "~ 1.0000
CAR 0.985
ATR - 0.7523
CTR = ~30.0074*
CT b.ggsz*
"CR 0. 0043*
AR 0.1295
TR . 0.0024*
C 0.0019*
A 0.0944
T 0.0005*
R 0.0012*
BMR 0.0016*
BM 0.0023*
MR 0.0012*
BR 0.0000*
8 0.0000*
M 0. 0000*
R 0.0000*
t

Cucron

A= gestational age
T=treated or control

S=omite number ‘

B=stage of nevral tube closure
Mestage and type of tuming
Reresponse (exencephalic or nommal)

¢
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there wes no asociation of somite number to cross or gestational age, nor did the
f;uulln treatment affect the somite number of the embryos, a good Indication
that general development remained unimpeded by the treatment. There was
a significont relationship of croes to treatment ( CT ), ond interaction that
» was found to be significont when tasting the other groups of variables ( CATB, |
CATM, mJ CATR ) o8 ;nll.t That is to say the cffe\cﬂvcm of the treaiment
_In producing the malformation was partly dependent on the genetic background
of the cmbryo .The interactions CAT, AT, and CA were also found to be
highly nonsignificont ( P?7 .8 ) when analyzing the CATB, CATM, and CATR
groups of variables. Tharefore the mq,rglnai and partlal association probabilities
for thess effects ware not llsted for the other groups tested.

Analysis of the cross, age, treatment, and stage of neural
tube. closure set of varlables ( CATB ) showed the ATB interaction fo be
significant. The age, the effect of the insulin treatment, and the stoge of
neural tube closure of the embryo u(:ro varlables that Interacted to form a
significont relationship. Due to the design of the analysls, all the second
order and mﬂ\'ﬂ affects of the ATB interaction were also significant.

The next set of variables studled was the cross, op', treutment,
ond mmtrfq of the embryo. The{CATM effect waa not significont, but the ATM>

third order effect wos. The age of the embryo, whether of not It came from o
/

treated litter, ond Ity tum‘lng procass were all seen 1o be related to one
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another, Followling this all the second order and maln effects compasing the
ATM effect also made significant contributions to the interaction. Analysis
of the CATR set of variables Indicated the interaction of cross, treatment,
aond subsequent response ( CTR ) to be highly significant. When the dependent

variables neural tube closure, tuming, and response were analyzed as a group
O

4
|

(BMR ), a significant Interaction among the three was found. Again, the
subset of lower order and maln effects composing these interactions wore
significant as well. ‘ §

h summary, the ATB, ATM, CTR, and BMR effects were all
found to hoﬂyﬂflml’ interactions. Insulin treatment had slgniﬁccnﬂy

altered the pattern of tuming and neural tube closure, two processes to which

' the age of the embryo was also significontly related. The response of the

embryo to the treatment was highly depsndent on the cross from which the

embryo had come. Finally, the response of the embryo fo the treatment was
clossly linked to the neural tube closure and tuming processes. These

significant Interactions determined by log=linecr analysis were In good

agresment w‘"h the Informatien collected by gross morphological examination

of the embrycs. Exencephalic embryos had been recovered after treatment,

some of which exhibited delayed or abnormal luming In addition o the brain
malformation. Th«-m%({tzmhyu to the treatment had depended on
the type of croes from which the embryos had come. Exencephalic embeyos were
found In much higher frequencles among the treated mutent crosses, thoss with the

1
!
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{

csmc!ot\ed abnormal turning being derived exélusive!rfrom the treated

!
mutant crosses.

8. Analysis of the histology -

As mentioned in section B.4 96 control and 144 treated
embrycs were :;erially cross or frontal sectioned to examine the tissue of the
neural tube and to calculate meari mitotic indices. Eight embryos were
examined at each of the gestational ages. Groups of both normal c;\d
exencephalic embryos from the treated crosses were examined at the D9’/ 12,
D9/18, and D10/6 collection times, Every fourth section of the caphalic
region of the neural rube’wos studied. The slides were coded to prevent the
origin of the material examined from being identified, allowing for o more
objective histological analysis.

The results for the embryos of the mutan; crosses were grouped
together, as were those of the nonmutant ;:mes. It wos necessary to combine
the data In some manner os ot all the écﬂoﬂondl times were exomined for any
one cross. The classification Into mutant and nonmutant crosses followed from
the results of the dose-response work, with the two groups possessing significantly
different slopes for the probit regression lines. It did not seem unreasonable to
consider the underlying biologlcal mechanism of the Interaction as expressing
Itsalf s some unique effect on the developing brain Ii;suo of the embryos from

the mutant crosses.  (See Appendix 1 listing genotypes of embryos.)




-112- -

It has been stated previously ( section A.2) that some teratogens

primarily affect the neurcectoderm of the neural tissue, others only the mesoderm.

With this in mind the meon mitotic indices were determined separately for the

r neuroectoderm and the mesoderm, as these tissues could show different responses
to the fnpulin hreatment, . |
The mean mitotic Indices for the neurcectoderm of the treated

ond con ll mutont and nonmutant crosses are shown in Tables C14 and C15,

The mean mitotic indlices for the neurcectoderm of the control data for both the

y : mutant ( Table C14 ) and nonmutant ( Table C15 ) crosses showed an increase ’
w b over time, with the rato)cf mitotic activity on D10/% ( 12.49 +0.36 and

; 11,48 + 0.88 ) being rougl*;ly equal to twice that of D8/12 (6.14 +0.23 and

5.86 +0.93), Normal embrycs from the treated mutant and nonmutant crosses

2 also reflected this trend, while the exencephalic embrycs from the nonmutant

crosses showsd a decrease In mitatlc actlvity, with the rate on D10/6 (3.26 +

0.39, Table C15 ) being half that of DB/12 ( 6,21 +0.72), Thls decrease n

the rate of mitosls was not seen amang the exencephalic embryos from the mutant L
cromes, Rather, the rate by”DlO/G (7.91 +0.51, Table C14 ) was somewhat
greater than the DB/12 value { 5.89 +0.15 ), though 1t still differed considerably
from the D10/6 control value ( 12.49 +0.36 ). o

. Thmmn!hﬂehd'mhrhnua*mofﬂucwmlm
from the mutont ( Table C14 ) and nonmutent ( Table q7)crqu«dmda
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TABLE C14

. Mean mitotic indlm for the neuroactoderm of the cephalic murul tube reglon of embrycs from treaded and conivol

mutont crosses

_ .
. treated group conirol group _
gestational age ’ 2 . .
( day/hours ) no. embryos mean M.11+5.E. no, embryos mean M.1. + S.E. |
S 812 ‘8 5.89 +0.15 8 6.1440.23
8/18 8 /'/amo 2 8 5.93 +0.40
9/6 8 6.09 +0.31 - 8 6.5240.16
exencephalic ( abnomal body ) __normal mm
~ gestational oge ; . ‘
( day/hours ) no, embryos  mean M.1. +S.E. no. embryos meon M.I, +S.E.  no. embrycs wM.f *ﬁ.&!. |
9/12 8 6.42 +0.24 B 8.15+0.63 (] 7.9% &d.m
9/18 8 6.84 +0.72 8 9.89 + 0.1 8 10.134 mu
10/6 8 7.91 +0.5 8 12.13 +0.43 8 2.0 _4;9,*3 -
, M.l.. = mitotlc Index 2 s = standord rror

r X
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TABLE C15

Mean mitotic hdiwiaﬁnmumchdemofmoeeph"cmml mhmlmdmhw&mwwm

gestational age
( day/ hours )

8/12
8/18
/6

oosfdflmal age

( day/hours )
9/12
9/18
10/6

M.I, =

nonmutunf crosses

exencephalic { normal body )

Dtr-otedgwp
no. embryos meon M. 1.1 _-!-'S.E.2 no. smbrycs
6.21+0.72. 8
6.14+0.64 8
6.32+0,32 8

5,86 +0.93 .

5!&:0‘"
6.1440.24
! aron

no. embryos  meon M. 1. ;tS.E. no. embryos mean M.l +S.E.

'8
8

8

mitotic Index

5.72 +0.35 8 7.97 +0.43
5.09+0.42 8 9.15 +0.62
3.26 +0.39 8 1167 +0.47

25 E. = stondord error

no. smbrycs M*ﬂl +§.!a

7.& st-t ﬁ
975 +.6.54
11.48 +.6.88




\

| d&\cmm over time. By D10/4 the rutcHof m ftosis ( 4.05 :0.26 and

334 +0.62) wos half that of DS>12 (8.43+0.46and 7.87 +0.72), This

trené was also seen for the mean mitotic indices of the treated embryos, both ) ;

normc\}\!\ and ex;encepholic, from the mutant and nonmutant crosses.
| The exencephalic embryos from the treated mutant crosses - Wl

sectionad and examined in this study were the ambryos from the D9/12, D9/18,

and D10/6 collection times that had exhibited an abnormal hindbody shape In , X

addition to the brain malformation. This morphological phenomenon ( discussed

in section C.7) had not been found among any of the exencephalic embryos

' from the nonmufa\nt c/rosses and had been seen as o distinguishing choracteristic
In approximately one~third of the embryos, from the mutant crosses, affected
by the treatment, The obvious morphological difference between these
exencephalic m!\bryos and the ones from the nonmutant crosses had further

) supported the Tdsa that histolaglcal changes might be found batwesn. the affected

Z : . embryos from these two groups, and thus the exencepholics with the abnorm;::l

% body shape had been chosen to represant the affected group from the mutant

crosses. Yet, exencephalic embryos with a normal body shape had also been -

.

collected from the treated mutant crossss and, to determine If differences existed
between these and their [THermates with the abnormal body shape, sactions from
these embryos were examined o well. Ten treated D9/18 and ten treated D10/6

v
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* © . TABLECIS < _
Mlechdlmfwhmco&Mdﬂno‘pl\a"cmwlMberoglonofambryafrommhdmdmnd -
nTnonfm ) N
° ; freated group { € control group o
r‘nﬂwdm ‘ ~ 1 2 n
) ‘doy /hours ) no. embryass . meon M.I.' +S.E.“ . “ no. embryos. . meon M., +S.E,
_ 8/12 8 8.74 +0.74 8 8.43 +0.46
T O 8/18 o8 T 8.46 +0,63 8 . 8.29+0.38
- 96 8 6.28 +0.52 8 6.07 +0.52
. ;& &
5 -
: dx-;'oopbc"c ( abnormal body ) nomol - o) conirol group. - )
\ gesiational age o 7 EEt
( day/hours ) no. embryocs meon M.l. +S.E. no. embryos mooan +SE no. embryos mean M.Il. +S_E.
9/12 T8 5.84 +0.71 3 5.73%¥0.21 8 ~ 5.93+0.16
R o/ . - 8 . A96+0.69 . 8 5.02 +0.34 8 -4.87+0.29
10/6 .8 /3.89 +0.35 8 3.92+0.60 8~ 4.05+0,21
-t M.l. = mitobic index o - 25,E. = standord emror
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n TABLE C17
Mu&aﬁcﬂm&rﬂnmﬁmofﬂnaﬂn"cmtmb.nglonofunbyo:fmnh‘nhdmdmmi

- , honmutant gm
’ - - 3 i 2 A . _
»*/ = S
e y . treated group control group
it - ghstational oge ) M k
( day/hours ) no. smbryos meon m.1.! :S.E.Z no. embryos meon M. 1. +5.E,
. T 8/i2 '8 8.07 +0.71 "8 7.87+0.72
e 8/18 8 7.72+0.67 8- 7.95 +0.
9/6 8 6.73+0.43 8 6.84 +0.39
_“ T —— 5 _sxsncephalic (normal bedy ) " normal __control grovp
gestat z . e .
. f{day/hours ) no. embrycs — meon M., +S.E. no. embryos ' mean M.I. +S.E.  no. embryos . mean M.I. +S.E.
= - . - ; -
- 9A2 8 - 6.15+0.16 8 5.84+0.56 — 8 IL s.n;to.sz
one 8 - 5.02+0.3 8 4864034 8 4.97 +0.54
10/6 8 _ .  3.94+0.38 8 407 +0.40 8 ' 3.84+0.62
3 2
—_— M.l.  =mitotlc Index S.E. = standord error
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mbrya wpu ncﬂM and the mean mitotlc Indlces for the neurectoderm
and the mesoderm wery dummlmd The mulfs are seen In Table C18. -
Tbo values of thomn mitotlc tnd!cu for the maodorm at

D9/18 ( 5. 08*0 72) and D10/6 (4.09 + 0, “)mnnrystmﬂar to those for
the exencephallc hmhfyu from the mnd nmmumt (5.02+0. 53 and
3.94 +°o.3a Table C17 ), and for the mncopholle embryos with the,
abnormal body shape from the mndmurcngcmmu 96+0 69md

3.89 +0.35, Table C16), The D9/18.and DI0/6 mean mitotlc Indlces for
fhtmumcméon% of the exencephalle ombrya with the ngq:mlqbody shape
from the mnd mutant crosses ( 5.17 + 0,54 and 5.490: 0.37, QT“ablug C18) a'l“so?
were similar to the values for the oiunapha"c cml;l'ya from tho treated nonmutant
crosses (5.09 +0.42 qnd'.’i.:é +0.39, Table C15). Two-mnod tetests showed
that the mitetlc lndled@ ot these times did not differ significantly batwaen the

two groups ( for D9/18 , P).9; for 010/6. P=.7-.4).

| As mentlaned earllet, the rieon mitolc Indlces for the neuro= * -
ectollerm of the exsncephallc embryos with the abnomg] body thape from the
mutant crozes did not show o decrecse over time after treatment. Thmfon“,u
when mpcrhg the 09/18 and. D10/4 whm ( 6.84 + 0,720nd 7,91 +0,51,
Table Cl4) to fh. vclua for the txlnuphp"u with the normal body shape

from the freated mutant cromes, a greater dlscrepancy wos noted. | thia :
’ ) S .

1 w
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" TABLECTR.
Meon mitotlc, indloes for the neurcectoderm and mesoder of the caphal lc neural
tube region of exencephalic embryos with a normal hiindbedy shape from trected
A - mulant crosses.

[
u

A. meon mitotlc Indices for the r.'vo\;vmetednm

0 ° ' v

gestational oge Co \ o o
( day/houn ) 0o, embryos mth.L'_tS.E.z

e - 10 . 5.17+0.54

10/6 10, v 3.49+0.37 -

3. mean mitedle ln‘dléu for the mmdlm ;

@

4 O 1
by

. 9/ N 5.00 +0.72

R r

1076 B R A S X

<
N %) [ » ° 9]

. -
R 9
‘ ' . P 2, N N | u 0
= mitetlc lndax S.8 ded
M. [ B C =1 standetd error
L] b ‘ L)
i
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at;wumum mitotic indices did differ significantly between-the two groups

( for D9/18, P = .05-.02; for D10/6, P ¢ .001 ).

. In summary , the normal pattem of mitosls In the caphelic neural
tube tissue , based on the control data, was mnm an increase In the mitotle
rate of the neurcectodemial Mssve over the periad of neural tube closure and |
early braln fomation ( days 8-10). During this same perlod of tine the raté )
of mitesls In the mesoderm was seen 10 decline. Both increments of chcngo;

the Increase In rate In one tissue and the decrease In the other, were of a

twofold magnitude. Mitosls In the mesoderm of the embeyes from the treated

‘ mimmt and nonmutant crosses, both nomal and l‘xtnc.‘pholic, appeared to be
unaltered by the Insulln treatment, since the pattern did not ssem to differ
from the normal one. The mean mitotic Indices for ﬂ;cﬁ\noumoacfodtm of the
normal embrycs from the treated mutant cmd nonmuhnt crosses also followed
the pattemn found 1n the control dotc. The cxoncophcllc ombryu from the
treated mutant and nonmutant cromes differed from the control murooeto/dom )
values ‘l'; the' rate of mitotle activity by D10/6. The exencephalic mbr;m

9 - ,

normal bodyshqp from the mutent cromss also showéd thh trend, h!’c the
D10/6 exencephalic embryes with the abnormal body shape

.
© o

| =
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lncrease In rate frcm‘thc 08/1.2 value, though it did not appear to be as
large an Increase as that seen In the control data. The pattern of mitotic
activity In the neurcectoderm of the D10/6 exencephalic embryes with the |
abnormal body shape therefore did not seem to be |Tke that seen in elther the
exencephalic embryos with the normal body shape from the mutent crosses
or the exencephalic embryos from the nonmutant crosses.

Devliations fron; the normal patterns of mitosls in these embryos

seemed fo be related to the effects of treatrhent, type of brain and hindbody
N : formation, gestational age, and tissue layer. To determine If these relation-
’ ships were significant ones, the fk:fo wag aﬂuiyud by log=linear analysls,
described in section B,5, As wi/th the morphological data, ctmly four
' vur‘fablu could be analyzed qt‘ any ons time, so that while significant Interactions
::f«’ : could be detected, they could not be ranked for importancs. Scores were

e obfained for the mean mitotic Index of the histologlcal material (M), the
.0 gestational age of the embrys ( A), whather or not the embryo came from

- treated litter ( T ), the type of crom ( N ), the tuue layer histologically examined
(L), mowpofmhryanb butn(ﬂ),mdﬂnomhyonlc hindbody shape (S ).
As the eu!cuichd meon mitotic Indices were low pm:ontagc vcmluu ( < 30%)

" on arcsine mformoﬂon was applled to this data, Following the standards
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established for the morphological ratings, the younger embryonic ( D8/12, D8/18,
and D9/6 ) brain type was classed as undeclded, the division Into exencepallc
or normal baing done on post D9/4 embryos only. As the main purpose was to
search for true Interactions of the mean mitotic Index varlable with any of

the others I1sted above, two groups of four variables each, MTNL and MABS,
were analyzed, so that the mean mitotlc Index was paired wm; each of the
remalning variables. A probabliity value of less than or equal to .05 for both
the tests of partlal and marginal assoclation was the criterion for a significant
contribution by any one or set of variables tested. The resylts are seen in

Table C19. As mentioned before, marginal association probabllities are not
given for the highest order Q\Ff-cQ (f.e. MTNL _)'or for any of the maln effects
(tl.e. M, T, Nand L ). '

. For the first group of vurfublu tested, MTNL, third order
offects MTN ond MTL were slmlﬂamf. Thh meont that second order effects
MT, MN, ML, TN, and TL, and main effects M, T, N, and L all made
significant contributions to the interactions of these variables. The observed
values foc the mean mitotic lnd.x were significantly related to the effect of
the mcmm, the type of cros Frcm which the embryo originated, and the -
tissue layer being examined. The secend group of variables examined, MABS, !
also had significant thivd order effects. MBS and ARS were wen to be
slgniflcant Tnperactlons, ond thus second order effech MA,'MB, MD, AB, AS,

LN
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. TABLE C19
o Tests of partlal and marginal associations for the variables of the mitotic Index analysls
partial morginal
group f' variables \ assoclation assoclation <
tested . offecf ‘probabillty probabllity
’ ’ o
MTNL MTNL 0.7040 -
MTN . 0.0000* 0.0000*
MTL - 0.0007* 0.0008*
MNL 0.4624 0.4637
TNL 0.5747 0.8995
MT 0.0000* 0.0000*
\ ' MN 0.0003* 0.0005*
. ML 0.0000* 0.0000*
™ 0.0412* : 0.0331*
1 8 0.0425* © 0.0477%
NL 0.6475 0.9761
M 0.0000* -
T 0.0026* - !
N 0.0492* -
. L 0.0444* -
MABS MABS 1.0000 -
MAB 0.5147 0.7199
MAS 0.7918 ) .0.8562
Mas 0.0422* 0.0448*
ABS 0.0186* 0.0000*
MA 0.0000* 0.0000"
/ M' o.m* ’ O.M'
MS 0.0003* 0.0082*
AB 0..0000* 0.0000* |
\ | AS 0.026%* 0.0389* |
o \ | 8s - 0,0000* 0.0000* \
L , \ M °0m1‘ . -
b \ b A 0.0001* : -
‘\\ \ | \ B , 0.0017* _ -
M \ ' ‘;;‘;\!& / P \ 3 0.0000* -
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and BS wers also significont relationships, with main sffech M, A, B, ond §
each n;oklng significant contributions to these effects. The mean mitotic
Index values were therefore also determined in part by the gestational age
of the embryo, and by whether or not the brain and hin‘abody structure were
nomal. [t is Interesting to note that the hindbody wnfiguration ( normal
or abnormal ) was also significantly related to the age of the embryo and Ktho
type of brain development (normal or exencephallc ), Interactions found
previously In the analysis of the morphologlcal date.

Thus any given pattern of mitotic activity seen during the'
perlod of neural tube closure was dependent on the age of the mmbryo
and the'type of tissue being examined, with any value for the mean mitotic
Index showing varlation with time and given tissue type ( i.e. neuroectoderm
or mesoderm ). The control data showed that the mfo\ of mltosis Increased
with time In the neurcectoderm, and decreased with time in the mesoderm. -
DI fferences In mean mitotic index values were also related to the effect of
treatment, as waell as to the development of abnormal brain and hindbody
conflgurations. After Insulln treatment, it was noted that the meon mitotic
Index for the neurcectoderm of the exencephalics from the nonmutant crosses
showed a decrease over time, with the D10/6 value falling below the D8/12
vaiue. The valus for the mean mitetic Index by D10/6 for the exencephalics




o

with the abnormal hindbody from the treated mutant crosses did not shew a
similar decline below theD8/12 value, but also dlfnomhow on increase in

mitotic rate on the order of that seen in the control data. The type of cross

( mutant and nonmutant ) from which the embryo had come , and the administration
of insulin, with the subsequent development of exencephaly and, in some cases,
an abn?mcl hindbody configuration, were all seen to be significantly related

"to a given value for the mean mitotic index. Thus the patterns of mitotic

activity seen In the neuroectoderm and the mesoderm of both control and treated

{

. E ' embryos during the period of neural tube closure were due to the significant

[

effects of the variables discussed above,

\ In addition to determining the rate of mitesis, the general

ke T

ey
P
A

appearance of the neural Hsiue on these coded slides was noted. The neuro= L ‘
P actodermal tiue of both control and Hreated embryos conslsted of o pesudo=
stratified epithelium. Most mitoses were observed in the layer of cells that
lined the lumen. Thess cells were easily spotted due to the presence of large
nucle! containing condensed chromasomes. Cellular necrosis, characterized. by

cytoplasmic shrinkage and the fomatlon of dark, dense, small nuclear bodles,

IS o~
Mt
R

was not seen In the treated Heue beyond the small amownt also found In the

P

SRR x

. control tisus, Gross changes In amount of the timue were hot visible.
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Exencephalic embryos exhibited an open neural tube and the
subsequent folding of brain Hssue was reflected in the hregularity of the | '
neuroectodermal shape ( Figure C35 ). However, histologically the neuro- .
ectoderm remained normal , showing no signs of necrosis.
| Abnormalities of themesoderm were not detected in the sectioned

material from the untreated mutant and nonmutant crosses. The mesoderm of the

embryos, both normal and exencephalic, from the treated nonmutant crosses
also did not show signs of degen;rctfm. There was nelther cell necrosis nor
changes in tissue bulk. From the treated mutant crosses the exeﬁncepholic
embryos with the normal body shape and the unaffected embryos also exhibited
histologically normal mesoderm, However, the exencephalic embrycs with the
abnormal body configuration showed areas of somite disorganization inthe
l‘horucﬂic and \lumbar reglons of the axial masod;m.ﬂ The cells of the mesodermal
tissus were not necrotic, and nomal amounts of the tissue were present. The
developing somlites, though con{poued of healthy tssue, were misaligned along ' i
the upper reglons of the neural tube { Serfes C1 ). This was seen, as ecrly as
D9/12, only in those embryos with the abnormal body shape. The somite
abnormallty did not extend below the lumbar spinal reglon,;d was not seen

in the cephalic reglon of the neural tubs, I
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Histological sections of normal and abnormal neural and
somite tissua.

A transverse section through the thoracic region of a
D9/12 normal embryo from an untreated A x Cd/+ cross.
Somite (s) devalopment, proceeding normally, is readily
visible (haematoxylin and eosin). sv, sinus venosus; n,
neural tube; m, mesoderm. X1

A transverse section through the thoracic region of a
D9/12 exencaphalic embryo with an abnormal hindbody
shape from a tréated A x Cd/+ cross. The somites (s)
are poorly formed, with only rudimentary grouping of
the tissue present (arrows) (haematoxylin and eosin).
n, neural tube; 4, dorsal aorta; a, atrium; mt,
myocardial tissue; m, mesoderm. X1l

A frontal section through the lower lumbar region of a
D9/12 normal embryo from an untraated SWV x Rf/+ cross.
The developing somites (s} are properly aligned within
the mesodermal tissue (haematoxylin and eosin) . nc,
neural tube. X 10

A frontal saction through the lower lumbar region of a
D9/12 axencephalic embryo with an abnormal hody shape
from a treated SWV x Rf/+ cross. The somites (s} are
poorly formad, with large spaces (arrows) where they
have failed to form. The tissue is highly disorganized.
Due to the severe twisting of the hindbody the neural
tube (nc) 1s not seen as an elongated canal structure,
as shown in C (hasmatoxylin and eosin). X 10
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A fransverss section through the ﬁvogacfc nnlu\l of a D9/12
exencephalic embryo with on abnormal hindbody shape from

a treated A x RE/+ crom. Thers is @ total lack of somite
development, with large spaces ( arrows ) found in the
mesodermal tissue ( m ), where somites are normally located
( haematoxylin and exsin ). a, atrium; n, neural tube;

d, dorsal aorta; mt, myocardiol tissue, X112
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Exencephallc embryos from RfA x Rf4 and Cd4 x Cd/+ crosses
were collected on D? and embedded In an attempt to study sections of tissue
for the abnormalltles In the muodtrm described above. However, mest of
!hou embryos had already mmd to resorb, and the mqltom extensive
necroses prevented the necessary preservation of the tlsue. Thus it was not

possible to obtaln satisfactory sectons for study from thess embrycs.

9. Effectiveness of glucose supplements

The blood glucose values.for each stmin and for the glven conditions
were the average of two nm‘g;lu. Two hours prlor‘to Insulln treatment the blood

glucoes concentration was 170 mg per cent for the A/J straln, and 187 mg per

cant for. the SWV., Two hours after the Injectlon of tnsulln, without a glucose
wpploment, the blood glucess level had decreased to 58 mg per cent for the A/J
fomlu; a;d 34 mg per cant for the SWV. Two hours after the Insulin mdmom,
ond one hour after the G&n;nhwlon of a glucase tupplement, the bi;od glucose
lovel wos 138 mg por cent for the A/ siraln, and 149 for the SW. Thus the
ud;hhn of onomot; glucone pnmhd the severe drop In the blood glueces
‘cancentratign nomally seen atter the admlnlstration of Insulln. Table C20

‘ \nhm the frequencies of exencephaly among the offepring of the cromes that
recelved glucase supplements after the “h;w!h treatment, The bu-qmeh are

] ‘g§
t
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s “ TABLE C20
<} . ‘ \ :
Frequencies of exencephaly in the mutant and nonmutant crosses treated with Insulin
) yor insulin + glucose.
: % exencephaly; Insulln treatment % exencephaly; Inwiin + glucose
cross - ( dose-response work ) treatment
© , ’ l
AxCd+ 4 a8 37.5(12/32)
A x ¢+5d 2w | - :.3(7/%0)
’ . . i : '
A xRi/s 5 82.9 ( 18/34)
A x it % o 28,7 (10/28 )
SWY x Cdb n | nr(w/m ;
WV x 459 38 36.1 (13/36) ‘
S SWY'x Rt 84 80,0 ( 28/35) '
swv x ot » L #.2(14/34)
{ \' |
N \
S \ \
' \
! . e l\ " ‘
/ ; ! -
* \ ‘ . \
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compared to thoss obtained from the dose=response study, In which the effacts
of Insulin alone were studled, The frequencies appeared to be unaltered by

the addition of glucose after Insulln treatment, ond Ilfim of lndcponldcnco
showed anxy d!fﬁqnu: to be nonsignificant, Therefore, although It did prevent
hypoglycemia in the female, the glucose was ineffective in protecting the

developing embryo from the effects of the hrsu“n. .

*
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D. Discussion
1. Gene-teratogen Interaction In Insulin-Induced exencephaly
and resorption
The females from the crosses tested in this study were Injected

with one of several doses of Insulin, ond the dose~response curves fOf?th
Insulin=Induced exencephaly and resorption were determined. Problit analysis,
specifically designed to deal with quantal responses, wes employed to determine
these regression lines. The slopes of the problt regression |ines reflect the rate
of the developmental procass, beling either the formation of exencephaly of
the death of the embryo. Parallel |ines Indicate that the rate of a procen s
the same for the given groups of samples. I the wion I'nes are not parallel
then the rate of the developmental process ih different from one group to the next,
The quallty, os well as the quantity, of tha response of the embrycs within one
group to the treatmant is unique. Intersecting doss-response |ines Infer that
the biologlcal mechanisms at work In the formation of the malformation within
one group are different from thoss ;ct!ng upen the other group,

“] For Tnsulin~Induced exencephaly, In the crosses Involving the
A/J females, the problt regression !hﬂfeﬂhmtmfem-'o\(Ax Cd/+, Ax
RE/+) could be fitted to a common slope,, Indicating that the Independantly fltted

slopes did not differ significantly from cne gnother, The problt regression [Ines




for the nonmutant crosses ( A x+/+Cd, A x'-{-ﬁ, A x A) could also be fitted
to a common s}ope, one that was ’slgniﬁcanfly difforong from that of the
mutant crossp/s . These results were duplicated In the crosses Involving the
swWv femé/les. The meaning of these differences in the slope values of the
problt regressions may be better understood if one converts the frequency
distributions of the response over the ranga of doses, seen in these crosses,
to the distributions of tolerances that underlle the response. ~Tho tolerance
of a subject ls a measure of the tendency to respond. The underlying tolerance
distributions of the response fit a normal distribution, As describad earller
( section B.3 ), the observad frequencles of the response are converted to
problt values, which represent set increments of deviation from the mean

. response. These problts may, In turn, be amsigned ordinate values of the .
nommal curve ( page 157, Rohlf and Sokal, 1969 ). gif these values are plotied
agalnst the logarithm of the dosa, the normal distribution of the tolérance
underlying the response is obtained. ‘Thou are show n for the probit ragrm!or]\

u lines of the A crosses In Flm-l?l. One can see that the response of the
embryos from the mutant crosses ( | and 2 ) extended over a muth narrower
range than the response of the embrycs from the nonmutant crosses (3, 4, and

; ). That Is to say, the variances of the rolerance distributions for the mulent

crosses were smaller than the w:{!onm for the nonmutant crosses, When
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these éhtrlh:ﬂom are converted to a linear representation, thc smaller
varlances are seen as sl«p’ur slopes of the |ines. Thus the problt regression
lines for the mutant crosses possessed stesper slopes, and the common slope
was slmiﬂeprrfly de\q\\mt from the one for the regression Iines of the nonmutant
crosses, os dohm!nod by a statistical procedure.

in blologicol terms, this meant that the embryos from the mutant
crosses responded to the insulin treatment by developing exencaphaly by o ,
mechanism that was d?ﬁ;mf from the one ‘ccﬂnq on the omblyoa from the
nonmutont crotses. The mutant crosses, having heterozygote males as sires, .
generated a population of both wnd-iyp. ond heterazygote offspring. To
postulate the presence of a gene~teratogen Interaction 1t had to be maintained
that the heterazygote embryos were the ones responding to the teratogen by a
mechanism different from the one present In the affected wild=-type embrycs.
As exencephaly was induced In the embrycs of the nonmutant crosses, It follows
that some of the exencephalic embeyos from the mutant crosses were wild=type.
Howaver, If a e Interaction exlists, a signiflcantly larger proportion of the
maphd!ga from the mutant cromes should also carry one of the mutant genes.
The Crocked=tall ( Cd ) and RIb fuslons ( Rf ) mutant genes In their heteraxzygous
fev?.,hoﬁ\ affect skeletal development, Cd/+ mice possess fused, small, or
Irregular shaped vertebral centra, ond Rf/+ mice have fused ribs. After clearing
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ond stalning the skolc‘fom of the embryos from the SWV crosses of the dote-
mpomo study It was determined that, In fact, a slgnificantly greater number
of the embryos with the rib or vomb.rol defecls were also exencephalic. This
! suggested that the RF and Cd genes had Interacted with the teratogen. \
, The Ingulin~induced resorption data were also fitted to problit :
regression |Ines for each of the crosses. For the crosses with the SWV females,
the slopes of the probit Iines for both the mutant and nonmutant crosses could be
fitted to a common slope. Therefore these regression lines were all parallel
to one another, For the crosses with the A/) (f/omohs, the probit regression
lines for the mutant crosses were parallel, as were the lines for the nonmutont

cromes. However, the common slope For the problt lines of the mﬁ;ﬁm crosses

differed significantly from the one for the probit lines of the nonmutant crosses. -

Furthermore, for the mutant ‘cresses, the common slope for the induced resorption
regression |ines did not differ significantly from the one for the Induced exencephaly
regression lines. When this comparison was repeated with the common s lopes of

the regression iines for induced exencephaly and resorption In the nenmutant |
croses the same resulls were found, For the SWV cromses, on the other hand, "
the commondope of the paralie! ngn,hn Iines for the resorption data did not

differ s!mhi?lﬂeanﬂy from the common slope of the Induced exencephaly regression
Iines for the nonmutant cromes. If the slope characterizes the nature of the

* regponse, and since, thess slopes are not significantly different, Tt Is then b




tempting to speculate that, for the SWV crosses, the underlying biological
mechanism evoked by the Insulin adminlstration and acting on the embryos from
the nonmutant croses to produ::o the braln malformation Ts the same mechanism
responsible for the resorption of the embryos from both the mutant and nonmutant
crosses. Similarly for the A crosses, the embryos from the mutant crosses resoéb
and develop exencephaly by the actlons of the same mechanism, o mechonism
that Is distinct from the one acting on the embryos from the nonmutant cromes.
More specifically, the mechanism acting on the heterozygote embryos from the
mutant crosses to resorb ond develop -xoncnphc‘ly should be dlstinct from the
one acting on the wild~type embryos from both the mutant ond nonmutant crosses.
Yet, severgl factors argue against this concept.
.The embeycs from insulin treated crosses were also collected ond

exomined during the period of neural tube closure and early brain formation .
( D8-D10). When the frequencles of oxcncup;\oly of these embryos were

eomp;n—d to the frequencles from the dose=-response study, in which embryos had
bukcolkcbd at a later. gestational age, the A crwu showed significantly
higher frequencles of exencephaly among the younger embryos. The SWV
. crossms did ot show significant changes In the ﬁvquonci;s. Also, approximalely
30% of the embryos from the treated mutent cromes, collected on 09' ond D10,
exhibited o severs twisting of the body shape. For reasons to be expanded upon
In the later part of this chapter these: smbryos were belleved to be Cd/4 and
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Rf/% embrycs. The older embryos (D14 or D18 ) collected For the dess~response

work never demonsirated thess extreme external body shape abnormalities. One 0
pomible explanation for the decreased frequencies of exencephaly in the mutent

crosses ( A/J females ) composed of the older embryas could Involve a mechanism

In which these abnormal body shaped embryos were u!ocﬂvcly ns'orbod between

days 9 and 14, Yet, the high frequency of ‘xcncupha"c:co"ﬁchd from ;ho

muﬁm crosses for the dose-response study, whose fused ribs or abnormal centra \
marked them as heterozygotes, argues against the existence of such o mechanism.

Also, !t does not explain the decrease In frequencies among the nonmutant

cromes ( A/J females ) composed of the older embryos, where the mutant genes

ware not presant.,

Thus It was not possible to relate two different responses ( exencephaly |
and resorption ) of the embryo to one another by a common blological mechanism.
Furthermore,, If the slope tepresents the rate of some developmental process,
finding two different responses with the some rate may very well not be a valld
recson to pmpao that the undur!yfng blological mechanisms at work must be the

,i im

mforﬂufwoprocmu Thumumn”hanhcpmofhduudnwrpﬂm

L]

and Induced ox.nccpholy are related Is, ot best, a weak one.
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It Is far more Interasting to compare the dose-response curves
for the A/J crosses to those of the SWV crosses. The same fypo of response,
i.e. brah;m malformation, could be compared. However, the slope of o probit
regression line is representative of the ;esponse only over the range of doses
used. anorfunafely; it was necessary to administer higher concentrations of
insulin to~ the SWV females, which eliminated the opportunity to conduct a
bona fide comparison. Keeping this in mind, it Is nevertheless intriguing to
note that ‘the common slope of the regression lines for the mutant A crosses did
not differ significantly from that for the mutant SWV crosses. A comparison

/

" of the common slopes of the regression lines for the non\mutanr A and SWV crosses
also found nansignificant differences between the values. It might indicate
that the gene-teratogen Interaction was I;wdependenr of the genetic background
on which the mutant genes were placed. However, this could only be conclusively
established by outcrossing these genes to other Inbrad strains whose tolerances for
Insulin fell within one of the range of doses used.in this study.

2, The hra.fogenlchy of Insu!t;\ .
Extensive work has been done in an af;cmpf to determine the

hmtogentcl;y of !nsl.;Hn. One of the major questions surrounding the lssue hos

1
been whether Insulin acts directly on the developing embryonic tissue, or whether

- a
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the hypoglycemia caused by the insulin trectment is the agent of action.

Most of the studles have involved the use of chick embryos. Landauer ( 1945 )
had noted that preincubated chick cmbryo; injected in the yolk sac with insulin
developed o high frequency of rumplessness. This malformation is choracterized
by the abssnce of the tall vertebrae. Such a rnponlo to the Insulln treatment
could be ,o"c'ftd up to the thirtieth hour of Incubation, followed by a decline

th the hqmw to 0% by 94 hours ( Landauer and Bliss, 1946 ), Such o decraase
In the frequency was well correlated with the establishment o; circulation in the
embryos. At thl; time, howsver, injections of insulin produced micromella, o
defect of the long bones of the qppond‘culor skeleton, and parrot beak, o
shortening of the maxitlary bones. Londauer had shown, therefore, that the
treatment affected different thsves ot different periods In dowlopn;nt, but stili
had not conclusively demonstrted that the Insulin wos acting directly on these
tissues. - )

Moseley ( 1947 ) shudied the development of Insulln freated chicks

dusing the first ;!\x days of incubation. Insulln had been Injected Into the yolk
sac prior to-indubation, and th- embryos were examined for the progression of
rumplessnass. The coudal abnormalitles began to oppear at D2.3 of fncubation,
when the tlsue of the toll was sl mostly undiffsrentiated. Clrculation was not

0
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yet sstablished, and the gut cavity was still exposed to the fluld of the yolk

K
‘ .
' ’
P

sac. It was concluded thet the insulln could diractly reach rl';c embryonic '

tissue, causing a disruption of cell division and the subsequent degeneration of

the tisue. The disruption of carbohydrate morc:bol Ism after insulin treatment wes
demonstrated by Zwllling ( 1951 ). He Injected Insulin into the yolk soc on day
five of Incubation, Mducing micromella. Total carbohydrate, free sugar, and
glycogen were assayed in both the yolk sac and the embryonic membranes.
Compared to the control values, the 1n;ul\3n treated yolk sac showed a significant
Increase In total glycagen and total carbohydrate concentrations, while the blood
from the viteliine veln of the chick embryo lbm'nd o decrease In total euri;ohydmh
and free sugar levels. It was felt that the Intulln acted on the yolk sac membranes, .
causing an inkifbition of g"ycogonolyuk, which in tum prevented the release of

glucose needed by the embryo to malntain growth and differentiation. \

Once rhoft;pnf In carbohydrate metabollsm was establ ished, ft next

3oy !
T
ik
fi

became necemary to determine If the defect was due to Insufficient amounts of
substrate, 1.e. glucoss loss dus to hypoglycemlia, or due to the blockage of a

specific pathway in the process of respiration. When nsulln treatment wes
supplemented with ok ~ketogluteric acld ( Zwlilling, 1949 ) or sodium pyruvate

’ (-Londaver, 1948 ), It wos found that the occumrence of rumplessness was abeent.
Nicotinomide ‘dki not offer protection against insulin~lnduced rumplessnes, but |
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dld prevent Insulin=lnduced micromella ( Lcmduuor and Rhodu , 1952), These
agents, In combinatlon wlth lnsulln, prevented the occurrence of the defect
In the pretence of a doommd blood sugar level. The In]ocflon of sulfanila-

mide, which has no effact on the bleod sugar leve!, Into the yolk sac of day 4

" chlck ambryos alto praduced the micromalla, muscle hypeplesle, and parrot beak

seen ofter Insulln treatment ( Zwliling and DeBell, 1950 ). Barron and McKaenzle
(1962) p‘rformod In vitro oxplortmonh with the explants ‘cf doys 2 - 4 chlek
cmbr“yos. The Insulln=treated tissue was grown en media supplemanted with
diphasphopyridine nucleotide ( DPN Palso known as NAD), or the reduced fé;:n

of the cosnzyme ( DPNH ), DPN protected the tasue from Induced micromella,

Tts reduced form did not. They also determined that most of the nlcotinamide in

the chick embryonlc thsue wos present as DPN, They concluded that Insulln
offteﬂvoly blochd the DPN-modhrod pathways of carbohydrate metabollsm.
The lnab"lfy of the DPNH to oﬂcr protection suggested that the reox!dation of

reduced DPN, ngonmﬂnh rhc coenzyme m Its active form, could be the mﬂabo"c

step blocked by Inwlle,

' Sulphencn!d.‘?q, known for thalr ablllty to disrupt the functioning
of DI.'N-llnkoéaohydméomm, alto cavsed InsulIn=ilke malformations xwhon
fréquancles were diminished when n!euﬂnam!d. wos alvnn as well ( Lendmnr and
Wakmgl l968 )
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Thus, the effect of insulln on carbohydrate metabollem wos
" not slmply one of substrate depletion. Loss of avatlable glucose v;us secondary
to the effect of Insulln on the DPN-medlated pathways. A loss of functlonal }
ﬂ‘ DPN would close down not oql;v the Krebs cycluo, but also the transfer of
hydrogen atoms to the olcctro;w transport chaln, from which the largest
proportion of cellular ATP Is derlved. The expenditure of ATP s Involved In

many energy requiring processes, Including cell d!vh!on and loss of this major

energy source could anly lead to severe disruption of cell actlvitles,

In mammals, the sltuation 1s complicated by the presence of 1
e picconm. Defects In braln, vertebral, ond rib devalopment have been
establ ished uf.for lnsulln treatment In mlce ( Smithberg and Runner, 1943 ),
Tolbu;cml'cl,, which also lowers the blood sugor level, produced malfcmufl;m
similar to those of !mul!n + and nlcotlnumldo supplements did not protect aéu!mt
the affects of»to!butamido or fmulln. Thonfon the authors concluded that ﬂn
hypaglycamla produ«d by the tmnmcnh was the actlve teratogenic agent,
" Previove experiments w!{t’h mice In wh@!ch fasting on D? led to substrate depletion,
Indicated by dacreased blood sgar levals, also produced exencephaly ndm.i

vértebral defects ( Smithberg et al'; 1958, Runner, 1959 ). The difects ware

oliminated !‘f plucose was administered to "pt;hm the drop In blood sugar. k
hed also baen ahown that labeled tnsulln, whan lnlochd tntq progmnt rats, d'd

not cross the plueuntal barrler ( Goodner et al, 1969 ),
|

\
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" In the present study, exencephaly was found In the offspring
of \hmalc mice treated with Insulln on day 8 of gestation. RIb and vertebral
malformations were also present In some of the treated embryos. Analysls of
the freaquencles of the rlb and vertebral malformations In offspring of both the
mutant ond nonmutant crosses, traated and untreated, showet! that these
abnormalities ware dus to the presence of one of the mutant genes, Cd. or Rf,

.. and were not cm{ud by the treatment, Treatment with glucose shortly kufm
the !n{ocf?on ofh Insulln avolded hypoglycem!a by malntaining the blood sugar
leve| of the treated female w!At'hiFn nermal llmits, Yet the frequencles of
exaricephaly were not s.!gnmcanﬂy altered by the administration of glucose

| | after the Insulln freatment, In th!z experiment, a Jncmm In substrate

0 avallablllty wasnot the maln factor dlsrupting carbohydrate metabollsm. Further

\ studles, uslng nicotinamide to suppress the action of Insulln, are needed to

determine If t?ho disturbance Involvesthe NAD-mediated éqthwavs of oxldative
phosphorylation, as suggested by the work on chick embryo metabollsm. 0

It 1s highly possible that the lguflla acted directly on the embryonle
Hasuageof the affected offspring from the heated cma;.g. The embryo relles on
nutr!onh' from the yolk sac for w:m:ol days after Implantation bafore the establishment
of true placenta late- D8 or early D ( Green, 1966). Degenerative changes oceur

. In the endometrium after Implantation In the uterine wall. This causes the rupture



of blood=fllled sinusolds in the tissue surreunding the embryo, filling the cavity
around the embryo with blood from the maternal clrculatory system. Though the l
yolk sac surrounds the embryo, a true flitering process Is established only when

the pluccn'ra later forms, Therefore, if the placenta has not been firmly

established by mid D8, the Insulln could reach the differentiating tissues of the

developing embryo and dlsrupt normal cellular activity.

3. The underiying blologlcal mechanism of the Interaction

‘rho study of mitosls In the neural tube was first undertaken by
Saver { 1933 ). The closure of the neural tube In ch lcl; smbryos was examined.,
it was found that, as the tissue on elther side of the neural groove s pushed up
to form neural folds, the neurosctoderm becomes characterized by columnar
splthellal type cells layered ﬂm? or four deep. The basal ends ( opposite the
side lining the lumen ) of the cells were highly uneven and totally detached from
one another, as opposed to the aplcal ends, The latter side possessed numerous
terminal bars aﬂach!nq the calls to each other at thelr free surface. As the
neuial folds approached fusion, the cells became more elongated, with many

\

more layers of mucie! seen at the luminal surface.
In a later study Longmen etal (1966) elaborated on the behavior of

the neurcectodermal cells during the fusion of the neural folds. Chick embryos from
: /
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. ‘ : 18 to 32 hours of age were treated with tritlum=labellad thymidine to examine

the durcﬂ;n of the cell cycle and migration of the cell nucleus durlr;g neural
tube closure. It was noted that the neursectoderm.was a preudostratifled layer
of columnar cells, During the cycle of DNA synthesls prior to division, the
nuclel of these cells were located neor the basal surface In the outer zone of
the neuroectoderm; with the cytoplasmlic proéo\ms extending towards the
luminal surface, This gave the Mu;-ooéfodlrmai cells an overall wedge shape,
. wlth the narrow apex llning the lumen, When the nucleus was ready to divide
b : It n;!gruhd towards the aplcal end of the cell, which was the surface of the
| coll In contact with the lumen of the developing neural tube. During mitosis
the csl| became quite large and round anq ; In dolng 10, reversed the orlentation
of the call's wedge shcﬁq. Afhfucgnplcﬂon of mitosls, the nucle! of the
daughter cells migr;hd back to thelr ;:rlglm! position In the outer zone, retuming
: . the cell to Its Initlal nppocm\\a. Lhmn.oxpmd the-cells to vineristine,
“ | which arrests the cells Tn metaphase, and noted that the neural folds falled to
( élm, but Instead grew in the everted manner characteristic of oxo\h«pholy.
Examination of the cells showed that the nuclel, In arrested mitosls, were
accumulated In the Innar zone and depicted oe o higher than normal preportion of

dividing calls along the luminal surface. Corresponding to this, the wedge shape
B ,} of many of the cklls wae orlented 10 that the broad buse 1ined the surface of the
r " lunen. Therefors, 1 was concluded that the wedge shape of the calls guldsd the




direction of movement. n the nomal situation, the broad base of the wedge was
located on the outer surface for many of the cells, forcing these cells of the
neural folds to tum Inward, os thelr direction of movement, and fuse. n the
case of arrested mitesls, an abnormaldy high proportion of the large, round
nucle! were located at the Inner surface. The broad base of these cells lined the
lumen, causing the diraction of mc»itm“onf ;f the neurcectodermal cells to be
reversed, and Iocdlng to everted growth of the neural folds. This mode! Is
espacially attractive for determining the cawse of neural tube nonclosure when,
a with Insulln treatment, a large loes in volume of the neuroectodermal Hssue
wos not present. One cannot then propose Insufficlent amounts of the tissue as

the reason for the fallure of fbn neural folds to meet and fuse.

In the present study, the control data Indicated that the pattem of
1 .

mitotle actlvity In the neurcectoderm consisted of a twofold increase In the rate
by_ D10/4, when compared to the rate at D8/12, The rate of mlfon/h In the
newroectoderm appecred to be affected by the administration of Insulin, while ~
the rate In the underlyIng mesaderm seemed to be unaltered by the treatment.

_The normal embrycs from the treated mutont and nonmutant crowes followed the

trend of mitotic activity seen in the control groups. The omuphcllcl cmh\'yoi
from ﬂ.‘. treated nonmutant crosses and the exencephallc embryos with the normal
body shape from the treated mutant cromes shawed , by D10/6, o twofold decrease
from the D8/12'value In the rate of mitosls In the neurcectodem. kb fact, the
D16/6 values of tho)mlcn mitotlc indices for these two groups of affected embrycs

were not significantly different from one another,

i}




" the lag In this energy-dependent process.
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Thh decrecse In the rate of mitesls after treatment may have
occurred as a direct effect of the Insulln on the carbohydrate metobolism of the
cell. A lack of substrate avallabllity was eliminated as a potentlal cause, but
the possibility that Insulin :uccmfuﬁy blocked some enzyme-mediated pathway
of oxidative phosphorylation still existed. The resulting depletion of ATP storss
would bring to a halt all energy=requiring cell processes, of which cell division
wat one, The disruption of cell divislon may have, as In the case of vincristine
treatment, resulted In an ahn;nnnlly large proportion of cells possessing the
reverse wedge shape present during mitosls, which In tum forced the
neurcactodermal calls of the folds to grow In an oufwo’rch direction. The tuming
process of the.embryo, from an S to a C-shaped configuration was seen to be

p ;
deloyed In up to 379 of the embryos from the treated mutant and nonmutant

croses. The lack of avallable ATP after Inslin treatment could also explain

The embryos demonsirating the decrease In neurcectodemal cell
activity were probably not the ones heterazygous for one of the mutant genes.
The exencephallcs whose neurosctoderm showed a twofeld decrease In mitotic rate

were from the treated nonmutant crosses, making them clearly wild=type, or were

the normal body shaped ones from the treated mutant crosses, again suggesting that
they did net pomen cne of the mutant genes. The mutant crosses produced wlld-type
and haterosygous offspring Ina 131 ratle. Thus, knowing that exencephaly was
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Induced In the offspring -of ?b.c treated nonmutant crosses, some of the embrycs
from the mutant croses responding to the Insulin treatment were of the wild-type
genotype. The large decrease In the rate of mitosls in the cells of the nauroectoderm
after !t';sul n troutt\ncm may therefore be |Imited P; the wild=type embrycs.
This.concept s further supported If one looks at mitcsls In the
neuroectoderm of the axencephallc embrycs with the abnormal hindbody shape from
the treated mutant crosses. |t Is suggested that these embryos were heterozygous for
one of the mutant genes, for reasons to be dealt with later In this discussion.
Approximately 309% of the embryos from each of the treated mutant crosses exhlblited
extensive twliting and kinking of the lower body region. These embryos were always
exencephallic. The rate of mitosls In the neurcectoderm of these embryocs cppecred to
differ from thoes of the untreated embrycs, the exencephallc embryos from the treated
nonmutant crosses, end the exencaphalic embrycs with the normel hindbody shape
from the treated mutant cromes. The rate of mlitosls did not decredse below the
D8/12 value, but Instead followed the trend, shown by the control data, to undergo
a gradual and continuo us increase during the perlod of neural tube closure and early
braln formation, However, the D10/6 value of thc mean mitotlc Index never reached
a value that wos twice the magnitude of the D8/12 value, suqugmtag that rho Increase
seon In these exencephalfc embryos was not - large cs that In the cantrol mbryon
The D10/4 meon mitotlc Index of these embrycs differed slgnificantly from that of
both the normal shoped exencephalics from the treated mulant croses and the
exencephallcs from the reated nonmutant crosses. Thus the insulin treatment oppeared
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" 10°slow the Increase In the rate of mitosis In the neuroectoderm of these embryos,
but was not able to greatly decrease the rate, o1 had been seen in the onnc;phalic : ;
embryos with the normal body shape from both .th[;mumm and mutant crosses.

The progresiion of the Increcse in the rate of neurcectodermal mitosls had been

slowed, but not stoppad, and certalnly not reversed: It cannot be conclusively

proven or dlsproven at this time that*this slowing down of the increase in the

mitotic rate after insulln ;notmont was, by Itself, sufficlent to cause CXOHCIPM'VA

In the embrycs with the ql;nomcl body shape. The fact that the other oxcncophélia .
showed a marked decreass , b]y DlO/é, In the rate of mitosls, compared to the D8/12 S

value, argues that a very severs chongo Is necessary for damage to the nourooctodcm,

lufflclonr to cause exencephaly, to occur. Yet, If one conslders a threshold offoct,

then the oxancophuﬂc embryos with the abnormal body shepe could be demonsirating

the minimal amount of domage m&d for the production of exencephaly, The . 7

. other exencephalics with the severe decrecse In the neuroectodermal mitotic ;an b
are s!mply cxpr;uing a more sevare form of the damage, over and above that needed

to cause te braln mlformaﬂ;.« _S:voml factors argue against the latter. Assuming, 3 ) |

as hofon that the nermal body shaped exencephallc embrycs are of the wild-type , .

mfypo, the latter Idea :ucglm the wild=type embryos to be more susceptible to

fhc teratogenic effects of lmulln. The lower frequencles of exencephaly among
the nenmutant crosses as determined by the dose-response study does not support
such o concept,
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It has also been assumed that the abnormal body shaped embryos
were heterozygous for one of the mutant genes. These Rf/+ and Cd/+ Individuals
_ were carrying genes that, In thelr homozygox}n form, produced spontaneous
exencephaly. Rf/+ x Rf/+ and Cd/+ x Cd/+ matings were set up and the |itters
ware examined for spontaneous exencephaly. The exencephallc embrycs collected
possassed a kinking and twisting of the Hr;dbody that clafly reseinbled the

abnormal body shape seen in the exencephallc embrycs from the treated mutant
crosses. Histologlcal analysls of the affected embryos from the treated mutant .
crosses Indlcated areas of somite disorganization In the fhc;ruc!c and lumbar reglons ‘
of the neural mbo.ﬁ Abnormal somite development had been Tsolated as one of the
characterlstics of both the Cd and Rf homoxygous mutants ( Morgan, 1954; Theller
and Stevens, 1960 ). These homazygates often were resorbed by D9.or D10, yet
both ﬂ;o exencephaly and the abnormal kinking of the body shape could still be
recognized. In the heterozygows form, the effect of the mutant genes on the
developing axial mesadenm led to fused ribe ( Rf genotype ) and small, fused

vertebral cantra ( Cd genctype ), defects that, while serving as markers for the " \ ;'f‘,
pressnce of the genes, did not cause fatal disruptions In development. o E* :
X The similarity of the twisted body shape of the exencephallc embrycs, P‘,W
from ﬂ;omﬁf?dmuhm crosses, toﬂnubodyslupeoiﬂn untrected exencephalfc i j

N
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embrycs homazygous for one of the mumrugum argues for the former belng
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heterozygous for one of the genes. The insulin interacted with the mutant genes
to produce phenacapies of the homozygous state. The insulin disrupted the somite
organ ization o\f the developing heterozygote, mimicking the condftion as it occurs
spontaneously in the homozygotes. The somite disorganization led ré extensive
kinking and twisting of the body, causing a distortion of the normal C - shaped

v

configuration. T'he mechanlical stress exerted on the developing neural tube by
the abngrmal body sh;pe could thus exert a force sufficient to prevent the neural
folds from fusing. )

Thus the formation of exencephaly In the gene-carr)]'lng embryos
of the mutant crosses may be sepc;'c:fed from Its development in the wild-type
embryos by postulating two distinet mechanisms. The w!!d-ryp‘e embryos may have
devollapod exancaphaly by a disruption of mltosis In the cells of the neurcectoderm.
The severe intchflm in the rate of mitosis was due to a blockage of carbohydrate
metabollsm that extended bayond a mere decrease In substrate ava Habllity. The
subsequent loss of ATP resulted In a cessation of mitotlc activity. As the cells were
prevented from Initating or complating the division process, the accumulation of
large, round nuclel, ready to divide, along\ the surface of the lumen distorted the
spatial orlentation of the neuroectodermal cells, forcing them to move in on
outwards direction. Thus, the neural folds did nclt fuse, but Instead grew apart In

'an everted manner.
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The mutant’ crosses produced both wild-type and heterozygote

offspring. The exencephallc embryos with the normal body shape from the treated

——

P mutant crosses were wild~typs embryos, and the apparent decrease In the rate of ‘ 1

mitesls In the neurcectoderm could have caused exencephaly in the manner described ¢

above.
The exencephallc embryos with the abnormal body shape were

thought to be heterozygous for one of the mutant genes, The constont Increase In
th; rate of mitosls In the neuroectoderm, as seen In the control dota, seemed to be

' ‘ slowed by the Tnsulln, but never decreased to the point where the value fell below |

| fin D8/12 value. This effact of the Insulln may therefore bé considered as secondary

to the effect on the developing somites. It s hypothesized that the Insulin tregiment . l
disrupted the somite o;gnnlzuﬂon In o manner that mimicked the naturally occurring
condltion among the mutant homozygotes. The presence of alther of the mutant genes
predisposed the mouse to exencephaly’, w!:h the Insulin Interacting with the genes to

produce phenacoples. The subsequent kinking of the body placed severe stress on |
l “,' | fL © the neural folds, preventing thelr fusion and leading to the condlifon of exencephaly. Q
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The following points are a summary of the main chservations
and condu’s'ons presented In this thesls,
1. A The nonparallelism of the dose-responsa curves of Insulin-Induced
excnccphc;ly for the crosses with the A/J dams ?nd?cot:i the presence of a
gene-teratogen Interactlon, The probit regrau!on lines for the mutant crosses
( Cd)*- x A, Rf/+ x A) could be fitted to a common slope that was significantly
diffarent from the common slope of the problt regression |ines for the nonmutant
cromes (+/4C9x A, /4R x A, AxA),
2, A gene-teratogen Interaction wos also Indicated from a study ;f
the dose~response curves of Insulln=Induced exencephaly for the crosses with the
SWV dams. i"hrpmbh regression 1ines for the mutant crosses ( Cd/+ x SWV,
Rf/+ x SWV) v;cn fitted to @ common slope, one that was slgniflcantly differant
from the common slope of the regression lines for the nonmutont crosses ( 4/4Cd
swv, v/ x swv, swv x swyv ),
3. ' For Insulin=induced resorption, the doss-response curves for the
cromes with ﬂn A/J doms ware also nonpatulhl. The prebit ngmton "na for
the mutant cresses fitted a common slope that wot sbn!ﬂoqntly ditarent from ﬁn

commen slope of the regression {lnes for the nonmutont croses. furthomn,

e




the slope values for these wo groups Q'd not differ significantly from thoss
Found for the problt regression [ines of Insul In=Induced exencephaly.
4 The dose-responte curves of Insulln=Induced resorptlon for the
crogses with the SWV doms eguh! be fitted to one common slope, and the slope
value for these parallel lines was not slenlficmfly different from the one found
for the probit regression lines ;:f Insulin=induced exencephaly for the nonmutent
crones, ‘ .
-2 | Examination of the slrcolm! structure of D18 embryos from the
treated SWV cromes indicated that a significantly higher frequency of exencephallc
. embrycs from the mutant crosses possessed rib and.vertebral' malformations. Analysis
. of the data hd!ea!;d this to be due ta the expression of the mytant'genes, and hot |
due 1o the adminlstration of Insulln, suggesting that many of the exencephallc
| embrycs, from fho'mutqnf crosses, were hohmym for aither the Cd or the h
é. Morphologlcal examingtion of embryos during the perled of neural
tube closure réwal-d i some o the exencephalc embryc, from the trected
* mutent cromes oy ol posetsed an abnermal whting o the hindbody siucture
" that mimicked the abnommal e?\ﬂwim occurring ;pentomowly among
. exencephallc mbrya W for elther of m. mutant genes, Loﬁ-"r}mr

Rf gene., - . P




analyshs of the date showed signm«nt relationshipe to exlst omong the patiern

. g™

of tuming and neural tube closure, treatment, and orlgin ( the crom ) of the
smbryo,
7. Hlstologlaal examinatlon of control and treated Haeue Indlaated
thet the neuroectoderm of mo'npophcﬂc embryos ( with o normal body shape ) from
the trected nonmolont croses undomu a reduction In the rate _ol mireahs after

) treatment, The niumchd;m of om;ophg!lc embryos, with an abnormal body
thape , from the treated mutant croses dld not shew ».t.‘ decreased rate, cl;hewh

i o B ¢ the rate lso did nh Increase to the control values, Mitesls 'n the mesoderm
s of both groups appeared 1o be unaltered by the treatment. Somltes In the theracle
8 o
i and [umbar reglons of exencaphallc embryes with the abnormal body shape were

sen o be poorly developed, wm'; m disergantzation ond mhallgnment of the
tlower | ' | |

M 8 . An uﬁ*d;i[v' bleloglos! md\_anllm for the gene~teratogen fnterdetion
3 putuimd, In which wlidetype embryce doveloped sxencephely after Inulln
Heatment due 10 dacreased mitotle activity In the mmndnm. In the
exsncephalle mbrya with the abnomal hindbody shape, bellaved to be heterozygous
for ane of the mutant genes, changes In the mietle ;eflvlfy of the neurcectoderm
were secondary to the chnml bedy mﬂmolon. This placed a strem on the
dmhplno neural folds, pnmﬂn. thelr Men ond Indlng to mn«phaly.
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Appendix 1: List of genolypes of e embrycs comprising the mMotic index anclysls.
: guotational age
’ 8/12 8/18 9/6 9/12 9/18 19/6
) 2Cdax A 2Cdax A 2CA x A 2CdA x A %2 CdArx A 2CdA x A
_mommal 204 x A 20/ x A 20/+x A 20/ x A 2064 x A 2864 x A
mulont . 2 Cd/+x SWV 2 Cd/s x SWV 2Cd/+xSWV | 2Cd/AxSWV | 2CdA x SWV 2 CdA x SWY
"‘ . 2 8E/4 x SWV 2 MA x SWV 2RA xSWV | 2RfA xSWY | 2REA xSWY | 2REAx SWV
monmulant 2% xowv (28 swv | 2 v B . swy 2o/ xswv | 204 swv | 2648 < swy
{control 149 xswv | 15wy xswv 2SWYxSWY | 25wV SWY | 24/ swy
and 2 SWV x SWV 2.4 . A 1758 x A 14fiCd x A 1 SWV x SWV
- » ‘WXA 2‘¥'c‘xA I‘Y‘axA ) '!‘y‘xk 1+ACd . A
trecled ) - 24pCd L A 1A xA 2AxA 2AxA 1478 A
. 1AxA
o 2CdA x A 2Cd/ 4 x A
2‘_——'_-&‘5‘ ‘2Rf/ax A 20ff x A
mutont } 2 CdA x SWV 2 Cd/fFx SWV
-d 2 08/3 x SWV -2ll/+xSWC
' 2eACd swv | 1/ L owy
nonmulant 1 SWV x SWV 1 4/Cd . sSWwv
(rwonted 24 A 2 SWV x SWV
; Popdd o, a 24/4Cd 5 A
only ). ZAxA ZV#xA
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